THE 

WORLD 
OF SCIENCE 



HEINEM ANN 


LONDON MKLBOURNE TORONTO 



SEc' 03 SJt> ii.r>i*rioiM 1^23 
REPRINTED 1957 
REPRINTED T 940 
REPRINTED 195 7 
REPRINTED 1 960 


PUBLISHED BY 
WILLIAM HEINE3V1ANN I i D 
15—16 QUEEN STREET, LONDON W.I 
PRINTED IN GREAT BRITAIN BY THE PUBLISHERS AT 
THE WINDMILL PRESS LTD, KLTNGSWOOD, SURREY 



m: y I JR is 




TABLE OF CONTENTS 


PART I 

THE STATES OF MATTER 


CHArrst page 

I. Introduction . i 

Science and Scientists— The Beginnings of 
Science — Science in the Modem World — 

The Departments of Science. 

II. Matter and Energy .... ij 

Mass and Inertia— Energy— Science and 
Thought. 

III. The States of Matter .... zz 

Solids, Liquids and Gases — ^Atoms ' and 
Molecules— What Atoms are like— What 
Solids, Liquids and Gases really are— A 
Colloidal Solution— Smoke and Fog. 

IV. The Patterns of Atoms in Solids . . 39 

Crystals— Lattices— Hardness and Strength 
—Heat— Expansion of Solids— Conduction 
of Heat— Melting— Castings— Sublimation— 
Decomposition by Heat. 

V . XjQUiDS ........ y9 

The Fluid State — ^DMiision — Solutions — 

Liquid Surfaces— Viscosity— Surface Tension 

ii 



z 


Tabli of Contents 


CHAFTBR 

— How Fluids flow — ^How Liquids expand — 
Convection Currents — ^Evaporation. 

VI. Gases 

What Gases arc — ^Thc Weight of a Gas — ^Air 
Pressure — ^The Flow of Gases — Compressed 
Gases — Liquefied Gases. 


PART n 
POWER 


VIL Speed 

Relative Speed — Measuring Speed — ^Force — 
Gravitation — Balancing Forces — Centrifugal 
Force—The Gyroscope, 

VIII. Simple Machines . . . . . 

Work — Levers — ^Pulleys — Screws and Cranks 
— Variable Gears — Hydraulic Machines. 

IX. Power 

Energy — Sources of Power — Coal — Oil — 
Water Power — ^Wind and Tide Power — 
Distribution of Coal Power — Coal Gas — 
Producer Gas — Water Gas — How We Make 
Heat — Heating by Gas and Electricity — 
Central Heating — Heat and Work — The 
Steam Engine — Internal Combustion Engine 
— ^Jet Engines and Rocket Motors. 

X. Electric Currents 

What is Electricity? — ^The making of Electri- 
city — ^Frictional Electricity — ^Discharges and 
Sparks — Arcs and Arc Welding — ^Vacuum 
Discharges — ^Thc Electron — ^Batteries — ^Elcc- 



CHAVTBR 


Table of Contents 


xi 


tro-plating — Ck)nduction of Electricity — 
Magnetism — Induction — Magnets and 
Currents. 

XI. Power and Locomotion . . • • 

Types of Engine — Water Transport — Land 
Transport — ^Air Transport. 


PARI III 
WAVES 


XIL Vibration 

What is a Wave? — Vibrations — Clocks — 
How a Clock works. 

XIII. Sound Waves ... . . . 

Compression Waves — ^Velocity of Sound — 
Why Sounds fade out — Musical Notes — The 
Doppler Effect — Echoes — Echo-sounding — 
Measuring Sounds. 

XIV. How Sounds are Made . . • 

Foghorns and the like — Vibrating Rods — 
Tuning Forks — Resonators — Stringed In- 
struments — ^Vibrating Plates — Wind In- 
struments — Reproduction of Sound — Ultra- 
sonic Waves. 

XV. Light Waves 

Electromagnetic Waves — The Different 
Kinds of Electromagnetic Wave — Light- 
Interference — The Speed of Light — Quanta 
— How Gases Glow — Making Light — 


f&GB 

339 

562 

373 

393 

422 



zii 


Table of Contents 


PAGE 


CHAPTER 

Filament Lamps — ^Why Gases Glow — Gas 
Discharge Lamps. 


XVI* How Light Travels ..... 450 



Shadows and Eclipses— Reflection — Refrac- 
tion— The Spectrum— Colour— Interference 
— Colours — Lenses — Lighthouse Projectors 



—The Camera — Moving Pictures — ^Micro- 
scopes — ^Telescopes. 


XVII. 

The Long Waves 

Infra-red Rays — Radio. 

498 

XVIII. 

The Short Waves 

Ultraviolet Light — X-rays — Radio-activity. 

513 


PART IV 
CHEMISTRY 

XIX. Particles, Atoms and Elements . . 528 

The Ultimate Particles — ^Atoms — Elements 
— The Different Patterns of Atom — ^Trans- 
mutations. 

XX. Compounds 552 

Molecules — Purification — Formulae. 

XXL Hydrogen 568 

The Gas Hydrogen — ^Acids. 

XXII. Air and Oxygen 

Oxygen — Combustion. 

m 


581 



Tahk of Contents 


ziii 


CHAPTER PAGE 

XXIII. Carbon, the Lifegiver . . . . 585 

Catbon Chains — Carbon Monoxide — Carbon 
Dioxide — Organic Chemistry — Hydro- 

carbons — Alcohols — Carbohydrates — Alde- 
hydes and Ketones — Esters — Oils and Fats 
-Organic Nitrogen Compounds — ^Nitro- 
compounds — Dyes — Alkaloids — Synthetic 
Drugs. 


XXIV. Nitrogen, the Foodgiver 

Fertilisers — Ammonia — Nitric Acid. 

• • 

642 

XXV. Phosphorus; Silicon . . . 

Phosphorus — Silicon. 

• • 

653 

XXVL Chlorine .... 

Salt — Chlorine. 

• • 

661 

XXVII. Sulphur 

Sulphur — Hydrogen Sulphide — 
Dioxide — Sxxlphuric Acid. 

• » 

Sulphur 

668 

XXVIII. The Metals .... 

The Reactive Metals — The Heavy Metals— 
How Metals are Made. 

680 

XXIX. A Few Compounds of Metals . 
Corrosion — Oxides. 

• • 

693 


PART V 

THE EARTH AND HEAVENS 

XXX. The Earth as a Whole . . . . 

The Science of Geology — S ubc and Shape of 
the Barth — Motion of the Earth. 


706 



xiv 

TaWe of Contents 


chapter 



XXXI. 

The Air and the Weather 

7M 


The Atmosphere — ^Air Masses and Winds — 
Depressions — The Upper Air. 


XXXIl. 

The Interior of the Earth 

727 


Strata — Volcanoes- -The Crust — The Age of 
the Rocks — The Crumpling of Rocks — 

Minerals. 

XXXIII. Floating Continents .... 754 

XXXIV. The Sun 759 

Beyond the Earth — Mapping the Sky — The 
Sun. 

XXXV. The Planets 770 

The Solar System — ^Mercury — Venus — The 
Moon — Mars — The Asteroids — J upi ter — 

Saturn — Uranus, Neptune and Pluto — 

Comets and Meteors — The Formation of the 
Planets. 

XXXVI. Stars and the Universe . . , 793 

Our Knowledge of Stars— The Plan of the 
Universe — Novae— Nebulae — The Life of a 
Star — ^Double Stars — The Age of a Star — The 
Problem of Time. 


PART VI 
LIFE 

XXXVll. The Living Cell . . . * 815 

What we mean by Life— The Cell— Cell 
Communities— How Cells Reproduce — 
Chromosomes and Genes. 



Tid>k of Contents 


XV 


CiUrat PAGI 

XXXVni. How A Man Works .... 824 

The Human Machine — Bones— Joints — 

Musde — ^The Blood — ^The Grculation — 

The Heart — ^Air Supply — ^The Scavenging 
Service — Digestion — Diet and Vitamins — 

Ductless Glands — Nerves and the Nerve 
Impulse — The Senses, Touch, Taste and 
Smell — The Ear — ^The Eye — The Central 
Nervous System — The Cerebrum. 

XXXIX. Reprodoction . . . . 911 

Heredity — ^Human Reproduction. 

XL. Classes of Animals 928 

Species — ^Mammals — Birds — Reptiles — Am- 
phibians — Fish— Arthropods — Molluscs — 

AnneUds — Echinodermata — ^The Flatworms 
— Coelenterates — Sponges — Protozoa. 

XU. Plants and Bacteria 981 

What is a Plant? — The Organs of Plants — 

The Senses of Plants — The Propagation of 
Plants — ^Adaptation to Severe Conditions — 

Bacteria — Viruses. 

XLII. Evolution 1018 

'fhe Problem of Speaes — Evidence for 
Evolution — ^The Cause of Evolution — The 
Evolution of Mammals — The Evolution of 
Man. 

XUII. Looking Ahead ..... 1043 

Index . . ^ . . . 104^ 

Acknowledgments i « « « <7 1060 



INDEX NOTATION AND DECIMAL NUMBERS. 


INDEX NOTATION 

Very large and very small numbers are written on the index system 
which is sufficiently explained by the examples given below; 


10^® = 10,000,000,000 

II 

0 

7 

0 
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=0.000,000,000,1 



10,000,000,000 

lO* =1000,000,000 

io~® = 
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— =0.000^001 



1000,000 

10® =100 

lO'® = 
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=0.01 



100 


10^ =10 

10“^ = 

I 

=0.1 



10 


3X10® = 3 X 1000,000 

= 

3000,000 

2.2X10® =2.2X100,000 

= 

220,000 

0.3 X io-^=o.3 X 

I 

— = 

0.000,000,03 


10 , 000,000 


DECIMAL MEASURES OF LENGTH. 

i Angstrom Unit (A.U.) = lo-® centimetres (cm.) 

I millimu {m/j) = lo^*^ centimetres 

I mu. {fu) = io~* centimetres 

I millimetre (mm.) = centimetre (/^ inch) 

I centimetre (§ inch) 

I metre = loo centimetres (i yard) 

I kilometre =: 100,000 centimetres (f mile) 


DECIMAL MEASURES OF CAPACITY. 

I cubic millimetre (cu. mm.) cubic centimetre 

I cubic centimetre (cc.) (about ij drops) 
t litre^ =1000 cc. (about a quart) 

I cubic metre =ic)oo,ooocc. (about if cubic yards.^ 


DECIMAL MEASURES OF WEIGHT 
I milligram (mg.) gram 

I gram (g.) (about oz. or 1 5 grains) 

1 kUogtam (kg.) =1000 grams (aj lbs.) 

I metric ton = looo.ooo grams (roughly i English ton) 
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THE STATES OP MATTER 


CHAPTER I 
Introduction 

SCIENCE AND SCIENTISTS 

T he man in the street has a very fair idea of the meaning of 
the word Science. It includes, he feels, such pursuits as 
Astronomy, Chemistry, Biology. He is not so sure whether 
engineering or medicine is Science and is quite certain that 
Politics, History, Art, Religion and the like are ncrt. 

The Scientist is more interested in doing scientific research 
than in defining it. He sometimes says that a piece of work or a 
book is “unscientific” and he usually means by the phrase that 
it is inexact; that it is badly arranged; that it jumps to conclusions 
without sufficient evidence or that the author has allowed his 
personal prejudices to influence his report. By scientific work, 
then, we mean that which is as exact as is possible, orderly in 
arrangement and based on sound and sufficient evidence. More- 
over it must have no object except to find out the truth. 

Perhaps Science is most clearly defined by saying that it is 
firstly a vast collection of facts expressed in exact and unambiguous 
language in such a manner that anyone who cares to take the 
trouble can test their truth; and secondly a collection of rules or 
laws which express the connection between these facts. This does 
not sound very interesting, but it is extremely important. As 
long as men hunted for knowledge in a random sort of way and 
believed each other’s assertions without testing them, knowledge 
made negligible progress. Once they began to make sure that 
their facts were tight by doing experiments for themselves. 
Science began to grow. 



i The World of Same 

An example of modem scientific work is not easy to give 
because it all depends on enormous masses of work which has 
gone before, and of which the reader may know nothing. Let us 
imagine, then, that Mr. Smith has noticed for the first time that a 
rod of iron gets very slightly longer when it is heated. This is a 
random observation such as anyone might have made since iron 



was first known. Smith is not content to notice the fact: he is 
going to investigate it according to the methods of Science. 
The first thing required is an exact knowledge of the expansion 
of iron when heated. Our investigator therefore sets to work to 
make an instrument to measure the very small increase of length. 

The instmment he devises^ is shown in Figure i. 

An iron rod A B of measured length, say r metre, lies in a trough 
of water, the temperature of which is measured by a ther- 

^ Actually the apparatus described was evolved and perfected over a period of 
100 years or so. Tnc need to measure the expansion of iron exactly arose from the 
alteration noticed in the length of aurverag rods in the eighteenth century. The 
a^j^Mtus shown is not the most motTem, which depends on Newton's rings 
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mometer. The temperature of the water is (if a sufEcient time 
has elapsed) the same as that of the iron. One end of the iron rod 
touches a feed rod F. This end will, therefore, not move if the 
iron expands. The iron rod is supported on two glass rods so 
that it slides easily over them. Its right-hand end B touches a 
lever which has on it a small mirror M. 

If the rod expands the lever will be turned on its pivot anti- 
clockwise, and the mirror will turn with it. Now a telescope is 
focused on the mirror so that a scale is seen by the observer, 
reflected in the mirror. The telescope has two crossed wires in its 
eyepiece so that the observer can note what part of the scale 
comes exactly opposite the cross wires. Now suppose that Smith 
packs the trough with ice and water: the iron rod will be at o®C., 
and when he looks through the telescope he sees the 10.5 cm. 
mark of the scale opposite the crosswires. Next he fills the 
trough with water, kept, say, at 50° C. precisely.* 

The rod expands, the mirror is turned, and a different part of 
the scale, say the 22.7 cm. mark, now appears opposite the 
crosswires. TTiere is a rule which tells him the direction in which 
rays of light are reflected from mirrors (p. 45 5) and it is easy to 
see that a little geometry will enable him to calculate the angle 
through which the mirror M (and therefore also the lever) has 
moved. From this he can calculate the distance the end of 
the rod has moved when being heated from o® C, to 50® C. 

Let us suppose that Smith finds by these measurements that his 
bar of iron has a length of 


I . 0000 

metre 

at 

0° c. 

I. 0001 1 


at 

10® c. 

1.00055 

>» 

at 

50® c. 

I. 0011 

yy 

at 

100® c. 


It does not take much examination of these results to see that for 
each degree of temperature it has been heated, it has expanded 
0.00001 1 metres. The next thing to sec is whether other bars of 

1 The idea of “temperature” and “degrees” is not at all simple. We can feel 
‘^hotncM and coldness.” The way we measure it is taken up again on page X04. 
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iron behave in the same way. A bai of iton z metres long at 
o* C. is next taken and the figures for its length arc 


2.0000 

metres 

at 

o' t-.. 

2.00053 


at 

15“ C. 

2.00165 

•> 

at 

7 J“C. 

2.0022 


at 

100* C. 


It expands o.oooozz metres for every degree through which it has 
been heated. Several more experiments with iron bars of different 
length are then tried, and our imaginary Smith deduces from 
these some statement or rule that is true for all of them. It is quite 
easy to find one. “When a piece of iron is heated, it expands by 
eleven millionths of its length for each degree centigrade through 
which it is heated.” 

Smith’s knowledge is now much more wide and exact, but is 
still rather narrow, for his deductions refer only to the metal iron. 
The next experiment that he does is to repeat the work he has 
done for iron with other materials, such as copper, glass, etc. 
He finds that the same sort of rule applies in these cases. Thus, 
“a piece of copper expands by seventeen millionths for each 
degree centigrade through which it is heated.” “A piece of glass 
expands by nine millionths of its length for each degree (C.) 
through which it is heated.” Smith tries all the substances that 
he can get hold of in large enough pieces, and finally gets at this 
General Law: 

“Every solid when heated through one degree centigrade 
increases in length by a fraction of its length which is always the 
same for a given soUd, but which is different for diferent solids.” 
He calls this fraction (which is o.ooooii for iron, 0.000017 
copper, 0.000009 glass, &c.) the coefficient of expansion. His 
next step is to put his law mathematically, because mathematics 
(to those who understand them) afford ^e simplest and least 
ambi^ous way of expressing a truth. Accordingly, he says, 
“If /o is the lengtii of a solid at a temperature Z®, and /j its len^ 
at temperature /j, then 

4 = 4 fi + o (/i - /#)] 
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where a is a constant for the given solid.” Those of my readers 
who solve simple equations may work out the length which a 
railway line 30 metres long at 10° C. ( a cool day), reaches when 
heated to 30® C. (a hot day). The coefficient of expansion a is 
.000011. 

The procedure for scientific work is first to make accurate 
observations then to try to discover a law or explanation which 
includes them all; to test this law by applying it to new cases; and 
to publish full details and let the world criticize* An author may 
give a too fiitherly eye to his discovery: the world assxxredly will 
not. The universally accepted parts of Science have all been 
tested in this way; and though some errors escape notice, they 
are inconsiderable beside the mass of good work which has 
passed the test. 

The feature then that distinguishes the statements accepted by 
Science from most others is that they can be relied on: they are true 
according to the surest criterion of truth, which is, that they have 
been tested by qualified people and can, at any time, be tested by 
anyone who doubts them. The facts of Science are frequently 
tested by observing them by new methods. Scientific Laws are 
continually subjected to an even more severe test: they are used to 
predict what will happen under certain circumstances. If the law 
is sound, the prediction will come true; if the prediction does not 
come true, the law must be altered. 

Newton’s law of gravitation which states that ‘^two masses 
attract, each other with a force which varies inversely as the 
square of the distance between them” enabled us to predict quite 
exactly (as it seemed at first), where any planet would appear at 
any date. Then, as measurements became more accurate, it was 
noted that the planet Mercury was a little off the astronomer’s 
timetable. The law fitted so well with the other planets that 
no one wanted to reject it, and it was believed that in Ae measure- 
ments of the orbit there was some undiscovered error that 
would later be found out. Then Einstein brought forward his 
theory of relativity which indicated that, in Newton’s Law, the 
word ‘‘distance” in the sense of “the length of the straight line 
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connecting the masses” cannot be given an exact meaning, unless 
t bH r relative motions are taken into account. He showed that a 
body moved in space, so that its course in “space-time” was a 
line of the shortest possible “length.” Gdculations showed that 
neat large masses, “space-time” was appreciably curved, and the 
attractions and courses of the planets, based on Einstein’s theory, 
gave a slightly different result from those based on the Newtonian 
theory: the test of experiment then showed that within our 
experimental error, the motions of all the planets agreed with 
Einstein’s prediction. So, Newton’s Law was modified: 
astronomers recognised that it was so nearly true where great 
masses or intense forces were not concerned that it might be 
used for all ordinary purposes; but that where enormous masses 
or great intensities of energy have to be reckoned with, they 
would have to make allowance for Einstein’s correction. 

The readiness of men to change their ideas in matters of 
science is in marked contrast to their unwillingness to do so in 
matters of politics and religion. The reason is simple. Scientists 
want to find out the truth: the facts are indisputable and the 
arguments compelling. In politics or religion or in most matters 
of daily life, an end is to be attained and men have preferences 
about that end. Moreover, the facts, outside science, arc often 
very difficult to establish with certainty. It is not possible, there- 
fore, for the admirable impartiality of science to be imported into 
other fields of human activity. 


THE BEGINNINGS OF SCIENCE 

It is interesting to glance back over the centuries and see how 
Science came into being. The first germ of Science was the wish 
of man to gain some knowledge of the working of the world 
about him. We know almost nothing of the thoughts of pre- 
historic men who for many centuries of centuries inhabited the 
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world before civilisation began, only some five or six thousand 
years ago. Their graves and their drawings on the rocks suggest 
to us that they had some simple religion. Probably they believed 
the stars, the earth, the sky and sea were in some sense alive or 
animated by gods or spirits. The earliest civilisations we know 
of were those of Eridu (later Babylon) and of Egypt. These 
ancient peoples believed in Gods and seem to have thought that 
the workings of nature were controlled by them. 

The Babylonians believed that the stars and planets had a 
controlling effect on human affairs — an unproved and most 
improbable belief which has survived till to-day as astrology. 
Be this as it may, the consequence was that the Babylonians 
observed the positions of the moon, sun and planets with very 
great care: they mapped the constellations and recorded the time 
of eclipses. Their greatest discovery was the Saros, a period of 
223 lunar months (18 years, ii days) after which the sun, moon 
and earth have almost the same relative positions as they had 
before it. As an eclipse occurs in certain definite positions of the 
sun, moon and earth (p. 45 1 ), any observed eclipse will recur 
after the lapse of one Saros. They later found out other similar 
periods for each of the planets, and thus could predict the state 
of the sky at any future date. Naturally, the prediction of so 
alarming an event as an eclipse gained for the Babylonian priests 
the highest respect and reputation. The Egyptians, whose 
civilisation began at least as early as 4000 B.c.,were by no means 
such good astronomers as the Babylonians. They excelled in 
practical arts. They invented simple arithmetic and geometry, 
and must have had considerable skill in engineering. The 
pyramids are typical of the spirit of Egypt. They are stern and 
geometrical in figure; erected by a vast expenditure of slave 
labour, and directed to a religious object — for they are tombs of 
kings. The Egyptians had some knowledge of medicine, and in 
their embalming evidently gained a fair notion of anatomy. 

Both Egyptians and Babylonians were applied scientists. They 
wanted knowledge for its usefulness, not for itself. They needed 
astronomy (as they thought) to foretell the future, arithmetic for 
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buying snd sellings geometry to mesisure land and build temples^ 
medicine to heal the sick. 

The Greeks were the first people who sought knowledge for 
its own sake. They came into prominence from about 600 B.c. 
Their knowledge certainly came in part from Eg3^t and Babylon^ 
but their reasoning powers reached far higher levels than those of 
any people before them. In art and literature, the Greeks have 
never been surpassed. In Philosophy, their work is a living 
foundation of all that has come after, but in Science they were 
hindered by their unpractical nature. They must be honoured 
as the first people who were interested in pure Science, but 
although they were very ready to argue about the origins of 
things, they could not be bothered to experiment in order to find 
out if their conclusions were true. 



Accordingly they made enormous progress in philosophy 
and geometry, for which nothing but intellect is required: but 
comparatively small advances in Science which must be based on 
observation of the behaviour of material things. The name 
which stands out as the first great man of Science, is that of 
Aristotle (584-32Z b.c.) who practically founded the study 
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biology, who first tried to classify living creatiires and to under- 
stand how their bodies worked For 2,000 years his works 
remained the greatest textbook of Science. 

In somewhat later times, Archimedes (287-212 b.c.) discovered 
many of the simple principles of physics and Ptolemy [c a.d. 140) 
and others made some advances in astronomy. Then, after the 
civilisation of Greece had been absorbed by that of Rome, pro- 
gress slowed down. A few centuries later barbarians over- 
whelmed the civilisation of Rome and for a thousand years 
Science was almost dead. From a.d. 300-1 iop Europe was under 
the shadow of the Dark Ages: only in Byzantium did the Greeks 
keep knowledge alive. Even there, progress had stopped, 
though the lamp of learning still burned. T^e Arabs, too, who 
rose to prominence from about a.d. 700, kept alive the learning 
they had gained from the Greeks and inhabitants of Syria. They 
had a certain genius for mathematics and, indeed, science in 
general; and when, in the thirteenth century, translations of 
Arabic works were made in Spain and passed on to Europe, 
learning began to increase. It was, however, only in the fifteenth 
and sixteenth centuries that the practical investigation of nature 
began, and revealed that the traditional science, handed down 
from the time of the Greeks, was grossly in error. At the 
beginning of the seventeenth century Galileo began to carry out 
physical measurements and to do laboratory experiments. A 
few years later Francis Bacon and Rene Descartes described to 
the world this way of investigating nature; and by 1660 the world 
was aware of science as the growing power that could transform it. 

From that date modern science begins. To recount its progress 
from 1660 to 1949 would be to tell much of what follows in this 
book. Suffice it to say, that the need for testing knowledge by 
experiment was only slowly learned; but as men grew ever more 
scientific in spirit, so discoveries became more rapid, till the 
nineteenth century was one great triumphal progress of Science. 
Between 1800 and 1900, the world was altered out of all re- 
cognition. The popiilation of the world almost doubled itself 
between 1845 and 1925. The average life of man is now more 
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than twice as long as it was in 1750. The ends of the earth were 
brought from six months’ distance to six weeks’: the period 
1900-1949 has reduced this to two days. Beliefs unquestioned fot 
centuries have vanished like smoke. Man, to-day, has £ir more 
knowledge, power, health and wealth than he had in 1 800, but he 
has no more brains and very little more wisdom. The war of 
1939-1945 showed us what the power of Science in the hands of 
folly and ambition could do. Science can never recede; if it is 
not to destroy us we must become fit to handle it. 

SCIENCE AND THE MODERN WORLD 

To show ourselves what Science has done, it is only necessary 
to sit in a modem room and look round. There is nothing to be 
seen which the hand of Science has left untouched. 

The carpet and curtains are dyed in a shade which no plant 
could have given: the chemists have coaxed out of black and 
sticky coal tar the queer network of atoms which gives that soft 
jade green. From the same coal tar comes my bakehte fountain- 
pen and the ink in it. The artificial silk fabric of the chair-covers 
was made from wood pulp by a process not thirty years old. 
The paint on the walls is made from titanium-white, unheard of 
20 years ago. The chromium-plated door fittings, the gas that 
burns in the fire, the electric light lamp, the artificial graphite in 
my pencil, are all novel. And even the things apparently made by 
older crafts have been shaped by elaborate machinery. The wood 
of the table was cut, planed and polished by machines representing 
the latest discoveries of engineering, driven probably by electricity 
generated in vast stations which are triumphs of appUed science. 

We may perhaps regret the passing of the slow and beautifuf 
old ways of craftsmanship, but the fact remains that the world 
of to-day is created and maintained by Science. Your own 
existence you probably owe to Science. In 1750 there were six 
and a half million people in England; to-day, there are forty-five 
million. This increase was only possible in consequence of 
scientific discoveries. One English baby in eighteen now dies 
before it is a year old; in i860, one baby in six died and in earlier 
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times, for which no figures are available, matters were far worse. 
Not only does Science allow more babies to grow up, but the 
vast population can only be fed because engineering has made 
possible the transport of food from distant lands. 

Thus thirty-nine million people in England alone owe theif 
existence to Science. 

Impersonally and quietly. Science will go on growing. It will 
cure more diseases; it will bring about quicker transport; it wiU 
perfect our means of pleasure; it will make our way of living 
still less natural; it will put terrible weapons of death in our 
hands. Only an utter breakdown of all civilisation is likely to 
stop it. 

Science, then, is by far the most important factor influencing 
our material Uves — and also, perhaps, our spiritual lives. We 
no longer expect to die in the twenties and thirties — a life of 
seventy years is looked on almost as a right. In the middle ages, 
death was always at hand; the thought of death dominated re- 
ligion. Before the war of 1939-1945 we all looked forward to a 
long life: an early death was an exceptional event. To-day, how- 
ever, the political situation and the weapons of war have become 
so threatening that we do not feel it easy to look ten years ahead. 
Science has also altered the general criterion of truth. Most men, 
to-day, think that the only test of truth is correspondence with 
scientific observation of material events; and since this cannot be 
applied to the inner life of man, this, the most important part of 
our world has been more and more regarded as a sort of aberra- 
tion or phantasy: hence its deterioration and the prevalence of 
every kind of deceit, cruelty and treachery. 

The whole of Science is of course infinitely beyond the know- 
ledge of any man. No one tries to know even the whole of his 
own department of Science. Let us take as an example a feirly 
well-known physicist -the type of man who might be a Lecturer 
in Physics at a University. What does he know? First of all, he 
will almost certainly specialise in a certain department of physics; 
let us suppose this is Optics — the behaviour of light. He will be 
doing original work on some smaller portion of this portion of 
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physics, and about this part of Optics he will know all that there 
is to know. He will know enough about the rest of Optics to 
read and at once understand any one else’s work, but he will not 
try and remember this. Of the rest of Physics he will have a 
lesser knowledge, but a few weeks* work will enable him to read 
up and understand any part of it. 

Of the rest of Science he will know much less. He will under- 
stand Chemistry much better than the man in the street, though 
he probably wiU not be able to write the formulae for more tham a 
couple of dozen chemical compounds. He will probably know a 
fair amount about Astronomy, for this science is a good deal 
concerned with Optics. Finally, he will probably know no more 
about Geology and Biology than does any ordinary intelligent 
man. 


THE DEPARTMENTS OF SCIBNCB 

Science is really a single unity, but for convenience is divided 
into departments. The five chief sciences are: 

which deals with the behaviour which is common to aU 
or most kinds of matter. Any kind of substance falls if dropped* 
or expands when heated. The study of such a falling or expansion 
is, therefore. Physics. 

Chemistry deals with the kind of material of which things are 
made, and the way in which different materials are transformed 
into each other. The burning of a candle or the making of 
petrol from coal is a matter for chemistry. 

Astronomy consists of the whole of our knowledge about 
die “heavenly bodies” and the earth considered as one of them. 

Geology deals with the structure of the earth and the different 
kinds of rocks. 

hiologf is the science of life. 

No one can hope to study the whole of any one of these in a 
lifetime, so minor divisions are made. Below is a list of the most 
important of these. 

* In a vacoum. 
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The Divisions of Pure Science 


lAain diiniians. 


fHTSXCt 


CHEMISTRY 


Science 


ASTRONOMY 


GEOLOGY 


BIOLOGY 


Subdivisions, 

Properties of matter 

Acoustics 

Optics 

Tne study of heat 
Magnetism 
Electricity 
Atomics 

Crystallography 
Physical ^emistry 

Inorganic chemistry 

Organic chemistry 
Geochemistry 
, Biochemis^ 
t Astrophysics 
t Astrometry 
Cosmogony 
Geography 
Physical geology 

Petrology 

Palaeontology 

Stratigraphical geology 


Morphology 


Taxonomy 
Physiology 
Botany Ecology 

Zoology Embryology 


Aetiology 


\ Psychology 


What tbi subdivisions dial with. 
Behaviour which all matter 
has in common. 

Sounds. 

Light and other radiations. 


The behaviour and structure 
of atoms. 

The study of crystals. 

The borderland of physics and 
chemistry. 

The chemistry of elements 
other than carbon. 

The chemistry of carbon. 

The chemistty of the earth. 

The chemiEstry of living things. 

What the stars are. 

The mapping of the sky. 

The origin of the universe. 

The stiwy of the earth. 

The study of the shape o£ 
rocks* mountains* seas, etc. 

What rocks are made of. 

The study of fossils of extinct 
animals and plants. 

Deducing the history of the 
earth from its rocks. 

The forms of animals and 
plants. 

Their classification. 

How living creatures work. 

How living creatures are 
affected by surroundings. 

How animafs reproduce their 
kind and develop. 

The evolution of the race and 
individual. 

The study of mind. 


The departments of Science set out in the above list are all pure 
sciences: that is to say they are concerned only with knowing, 
not with use. The pure Scientist simply finds out how things 
behave. Applied Science and its workers put the discoveries of 
the pure scientist to men’s use. The kinds of mind needed for pure 
and applied science are very different. The pure scientist spends 
his time saying, ‘*Is this true?” "*Why does this behave in this 
peculiar way?” *‘How does this work?” 
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The Applied Scientist has to bother about people. He is 
always asWng, ‘‘How can I make a thing to do this job?'* “Can I 
make this thing at a price people will pay?" “Is this process of 
practical value?" “Is this drug pleasanter in use than that?" 
“Is this operation likely to kill my patient?" 

The chief Applied Sciences are: 

AppUed Physics. . . . Engineering. 

Applied Chemistry . • Chemical Engineering, 

Pharmacy, etc. 

Applied Geology & . ^ Meteorology, Cartography, 

Astronomy Tide prediction, etc. 

Applied Biology • • Agricultural Science, Medi- 

cine, Hygiene. 

Pure Science must not be thought of as superior to AppUed 
Science. Both are necessary: they require different types of 
mind. The pure Scientist provides the material which the 
AppUed Scientist shapes to the use of mankind. For these tasks, 
very different minds are required, and it is rare to find anyone 
who has been prominent both in pure Science and AppUed 
Science. The perfect example of an AppUed Scientist is Edison, 
with an incredible Ust of more than a thousand patents for 
inventions, but almost no discoveries of scientific principles. 

The finest example of a pure Scientist is perhaps Clerk MaxweU, 
whose work in physics is the foundation of a great part of 
electrical and other engineering, to which he contributed nothing 
directly himself. Most remarkable, perhaps, is his prediction by 
reasoning, of the existence of the electromagnetic waves which 
40 years afterwards have made possible wireless telegraphy 
and broadcasting. 
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Matter and Energy 

MASS AND INERTIA 

I N our survey of Science, the first ideas to be understood arc 
those of MATTER and ENERGY. These tenns are so wide, 
they include so much, that they are a little difficult to grasp. 

By matter we mean roughly what the man in the street means 
by the word ‘‘stuff,” as distinguished from “forces” or “ideas.” 
The scientific definition of matter is “that which has mass and 
inertia.” Translating this into common speech, we may say that 
matter includes everything which, first of all, is attracted by the 
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earth or other heavenly body. Now it is the attraction of the 
earth which gives a thing weight, so on this definition anything 
which has weight while it is near the earth’s surface is matter. 
Secondly, by saying a thing has “inertia”, we mean that it takes 
force to set it moving, or, if it is moving already it takes force to 
stop it. This is true of all “stuff” we come across. If we define 
matter as anything with mass or inertia, it is quite cleat that all 
solids like iron, wood, glass, wax, etc., are matter, and so are 
all liquids like treacle, water, petrol, and all gases like air, 
hydrogen, etc. 

No one who has carried a sack of coals or a bucket of water 
needs to be convinced that solids and liquids have mass. No one 
who has shovelled sand, rowed a boat or blown a pair of bellows 
can doubt that soUds, liquids and gases have inertia. 

Ah, but you say, what about 
the mass of gases? If hydrogen 
is attracted by the earth, why does a 
balloon full of it rise? The answer, put 
rather crudely, is that the hydrogen is 
attracted by the earth but that tihe air 
round and just above the balloon is 
attracted still more and, by being pulled 
towards the earth, elbow’s the balloon 
away from it. Just in the same way a 
cork is attracted by the earth, but it rises 
in water because the water is attracted 
still more. 

The explanation in Fig. 4 is another 
way ofsaying the same thing. For reasons 
like these, we conclude that all the 
“things” we meet with in the world are 

because its weight and the Matter. 

*r What else is there in the world beside 

less than the piessute G . 

on the bottom of it. Matter? The answer of Saence to this 

question is— Energy. 
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ENERGY 

A battered xifie bullet lies on my table. It is obviously Matter. 
It has mass, for if I drop it it is attracted by the earth and falls 
ever more quickly to it. It has inertia, for, to set it moving, I have 
to give it a forcible tap with my finger-nail. After this bullet was 
fired from a German rifie and before it buried itself in the sand of 
the parapet beside my head, it was in some way different. It 
could kill a man, smash a hole in an iron plate. It had a tre- 



Energy of Motion 
(Kinetic). 



Kinetic Energy ot Motion 
of Electrons (l^ectrical). 



Energy of Position 


(Potential). 





of Atoms 


le^ of Posi 
((Chemical). 


Alternating Potential and 
Kinetic Energy (Radiation). 


Fig, 5. — Some forms of energy. 


mendous ponder of doing work^ and this power we call Energy. The 
moving rifle bullet is different from the stationary one, because it 
has more energy. Energy of motion, such as the bullet possessed, 
we call kinetic energy. 

Has it any energy as it lies still on the edge of the table? 
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Certainly. Knock it off the edge and it drops on to my tea- 
cup which I left on the floor and smashes it. It has done more 
work. As it lies on the floor it cannot do that piece of work again, so 
it evidently had energy because of its distance from the earth which 
attracts it. This we call potential energy, by which we mean a 
capacity for doing work which a piece of matter possesses in 
virtue of its position. Water at the top of a waterfall has potential 
energy, so has a wound up clock weight, a coiled spring, etc. 

Many other kinds of energy exist. A hot coal has more energy 
than a cold onc, for the heat can be made to drive an engine 
which will do work. We call this heat energy. A vulcanite pen 
which has been electrified by rubbing it with cloth has electrical 
energy; it can do work by lif^g a piece of paper from the table. 
A ton of coal has more chemical energy than the ashes and smoke 
it turns into when it bums, for as it bums it gives out heat 
energy, which, as we have seen, can do work. In all these cases 
the energy is bound up with a piece of matter. You cannot have 
kinetic energy unless some thing is moving nor heat energy unless 
some thing is hot. But there seems to be some cases where we can 
get energy without matter. When rays of light come from the 
sun, we can find no matter attached to them. When they arrive, 
we can concentrate them by mirrors on to a small boiler. They 
wiU boil the water in the boiler and the steam will drive an 
engine. The rays have done work in driving the engine, so they 
must have energy. But they are not what we ordinarily under- 
stand by matter, so we may think of light and other rays as being 
pure energy. It used to he thought that energy could not exist 
without matter, and accordingly the theory was propounded 
diat a materia] ether filled all space, and light rays were supposed 
to be vibrations of this ether. All attempts to find out what the 
ether was like led to no result, or worse, to contradictions; and 
nowadays we see no reason why this ether should be invented 
simply because we feel there ought to be some stuff to be waggled 
by light vibrations; the modem physicist finds it possible to 
believe that light waves are energy without matter — radiant energy. 

Very accurate work has now shown that energy has some mass. 
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and in that sense may be thought of as a kind of matter. Its 
mass is so extremely small that we can only detect it if the energy 
is highly concentrated. A rifle bullet travelling 3,000 feet a second 
is a minute amount heavier than a bullet when it is still. An 
electron travelling at 18,000 miles a second — no other piece of 
matter goes so fast — ^weighs about one per cent, more than it 
would when stationary. The festest moving things we know of 
are certain electrons shot out of exploding atoms. Some of 
these move at about 186,000 miles a second, 99.8 percent, of the 
velocity of light, and they then weigh nearly seventeen times as 
much as they would when at rest. In the same way, it has been 
shown that matter can be changed into energy. We have reason 
to believe that the matter in the hottest stars is being slowly 
changed into energy, and that the torrents of energy in the form 
of the light-rays and heat-rays which flow from them have been 
produced by changing the actual matter of these stars into energy. 

A rule, which was discovered by Einstein, tells us how much 
energy corresponds to how much matter. The rule is 

nt^Eje^ 

where m is the mass of the matter in grams, E is the energy 
which corresponds to it in dynes^ and c is the velocity of light, 
30,000,000,000 centimetres a second. 

English people do not think in grams and dynes, but in 
pounds and horse-power-hours. So, we may put the equation 
quite simply thus: 

‘Tf a pound of matter could be turned into energy, it would 
give 15,230,000,000 h.p. for an hour.” The whole electric 
power of Great Britain is about 1 2,000,000,000 units a year, and it is 
easy to work out that just over a pound of any kind of matter, if wc 
could turn it into energy, would supply the whole of Great Britain 
with energy enough to drive its electrical generators for a year. 

The world has got plenty of matter for its needs, but it is 
always crying out for energy, so that, if Science can find a way of 
turning matter into energy, infinite labour will be saved. Wc 

^ The energy needed to set a gram of matter going i cm. a second faster than it 
was moving bmre. 
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shaD not need to bothet about coal, oil wind-power, water- 
power, etc., for any bit of dirt from the streets will heat out 
houses and drive our engines. But though the energy is there, we 
cannot get at it. Inside the stars, where matter is turning into 
energy, the temperature may be about 20,000,000® C. If we 
could make matter as hot as that, it might break up into energy. 
But at present the greatest temperature reached by man is about 
4,000® C., so that we have a long road to travel. But let us re- 
member the things that seemed impossible in 1800 are common- 
places in 1936, and then let us be very careful what we say about 
what the Scientists will not have done by the year 2100. There is 
nothing impossible about getting our energy by destroying 
matter. Science may find the trick next year, or may find it in 
five hundred years’ time. But if I could have half-a-day’s trip to 
the year a.d. 2500 1 should be very surprised if I found the world 
still burning coal and oil for its power. 

I wrote the previous paragraph in 1956 and I certainly did not 
anticipate how near the guess of “next year” was to the truth. 
Two years later the process of nuclear fission (Chapter XIX) was 
discovered and by 1944 atomic power was being evolved on an 
enormous scale. But we have not yet done all that my former 
paragraph suggests. We can only obtain energy from one or 
two rare kinds of matter, and can only obtain about a thousandth 
of the power that could be obtained if we turned the whole of 
their mass into energy. 

SCIENCE AND THOUGHT 

Matter and energy — is this all? The men of Science have 
found them enough to explain their world. But there are a few 
things they have not been able to study by the scientific method, 
and the chief of these is Thought. 

Possibly, when I think of a rose, I make the same thing happen 
to my brain as has happened before when I have seen roses — but as 
the brain is so little understood by anyone, this is only guess- 
work. Science can observe the external behaviour of man or an 
animal, but it has no means of recording the sensations and 
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impressions that wc assodatc with thinking. At any rate science 
is of no use when we try to make out what thought is. 

There are two chief classes of opinion on Ae subject, which 
may be called the cerebral and the p^chic. The holders of the former 
view believe that thought arises from the physical and chemical 
activities of the nerve-cells that constitute the brain, and that no 
other principle has to be supposed in order to account for the 
existence of our impressions and ideas. The holders of the latter 
view regard the production of thought by chemiqil and physical 
processes as an impossibility and suppose the existence of an 
immaterial principle, usually termed the soul, which interacts 
with and experiences the changes that occur in the brain. Neither 
of these views can be regarded as proven. The cereal view would 
be strongly supported if our mental processes could be explained 
in terms of material changes in our nervous systems; this has not 
been done, and Science has only reached the stage of assigning 
connections between certain parts of the brain and certain experi- 
ences. The p^chtc view rests mainly on the apparent impossibility 
of maintaining the cerebral view. It could be supported by 
showing that the human mind can act in ways which Science 
indicates as impossible for a material thing: thus if we could 
prove the truth of such phenomena as telepathy, perception of 
events still in the future, influence upon material objects not 
connected with the body, it would be evidence for the psychic 
view. The question is bound up with religion and politics. 
Almost all believers in any religion hold the psychic view by faith, 
or by reasoning not strictly based on science: the dialectical 
materialists, followers of Karl Marx, hold the cerebral view. 

If the problem is to be regarded from the point of view of 
Science only, it is obviously still unanswerable. The practice of 
scientific men is not to assume any principle they can do without. 
They therefore tty to explain mental phenomena in terms of 
physics and chemistry, and also (if they really are scientific) 
endeavour to test the possibility that the psychic view is true. 

Scientists naturally feel most at home with material things, the 
normal subject of science: but nothing in science can disprove the 
existence and activity of immaterial beings. 



CHAPTER m 


Thb States of Matter 

SOUDS, UQUIDS AND GASES 

W E have divided all the world which Science can study into 
Matter and Energy. The plan of Study adopted in 
Science is to classify things: that is to say, divide them up into 
sets, all the members of any one of which are more like each other 
in some respects than they are like the members of the other sets. 
The simplest classification of Matter is into its three States^ the 
solid, liquid and gaseous. Almost everything Ms into one of 
these classes. Everyone thinks he knows a solid, liquid or gas 
when he meets one, but as there are a few doubtful cases, it is a 
good thing to have a definite rule laid down by which we can 
place anything in its right class. 

A solid has a fixed volume and shape. A liquid has a fixed volume 
but no fixed shape. A gas has neither fixed volume nor fixed shape. 

These definitions are clear and, though they are not quite true, 
we cannot make much mistake about them. As a typical solid, 
we may take a piece of gold, say, a coin. It has a fixed volume, 
say, o.ioj6 cubic centimetres. If we leave it for a thousand 
years this volume will be the same. It will expand a little if 
heated, but will return to the same sixe on cooling. Even 
enormous pressure will only make it the tiniest bit smaller. 
Enormous pressures may make it flow like a liquid, but it will 
not flow under the influence of small forces. 

A liquid, say water, has a fixed volume. You can put a pint of 
water in a quart pot, but it will remain a pint. Even huge pressures 
will compress it very little; the greatest pressures man can apply 

aa 
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will not squeeze a pint of water down to | of a pint. Its volume 
is fixed but its shape is not. The very smallest force is enough to 
alter its shape. You can pour your pint into a teapot or a dish and 
it will at once take the form of either; you can soak it into a 



A solid has a hxed shape and a fixed ▼ohinie. 



A gas has no fixed shape nor fixed volume and fills the 
whole di every space in which it is set free. 

Fig, 6, — Solids, liquids and gases. 
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sponge — it will take any complicated shape, but it won^t take up 
more than a pint of space. 

Lastly, a gas has no fixed volume or shape. Allow a cubic 
inch of chlorine to escape in a room and you will smell it in 
every corner. The cubic inch fills the whole room. Take a 
flask from which all the air has been pumped out and allow 
the smallest whiff of air to enter through a tap. The air expands 
and fills the whole flask evenly and takes its shape. A gas 
never has any surface except that of the vessel that contains it. 

Now what about the doubtful cases? 
A piece of pitch feels quite solid; you 
cannot dent it by pressing it with your 
thumb, but if you leave a lump of it in 
a box for a year, you will find it has 
flowed like a liquid and taken the shape 
of the box. 

Fig. 7 shows the result of putting a 
lump of pitch in a glass funnel. In the 
course of months it flows exactly like a 
liquid, though it feels perfectly hard and 
solid to the touch. On the other hand, 

^ butter is a solid. A lump of butter is 
Fig 7.— Pitch, though a^>par- soft, but if left even for a year it will not 
cntly solid, is reaUy aliouid flow- of its OWn acCOrd like pitch. 

funnel^ Note What about mud, froth, smoke, and 

r tc hard yet having the tilings of that kind? Are they solids, 
liquids or gases, for in some ways they 
resemble two of these? The answer to this difficulty is that they are 
mixtures. A mixture of big bits of solid with liquid — like pebbles 
and water — ^is simple enough to understand, but when the bits of 
solid are very small indeed, and very numerous indeed, we get 
curious materials called ‘^colloidal solutions.** Let us see what we 
get if we make very close and fine mixtures of solids, liquids 
and gases. 

(t) Very fine particles of solid surrounded by liquids are 
MUDS or SLIMES. 
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(2) Very fine particles of solid floating in a gas are a SMOKE. 

(3) Very fine particles of liquid floating in a gas are a FOG or 

MIST. 

(4) Very fine particles of a gas in a liquid are a FOAM. 

(5) Very fine particles of a gas in a solid arc a SOLID FOAM. 
The rather odd behaviour of these mixtures cannot really be 

understood until we know a little about what solids, liquids 
and gases really arc. 


ATOMS AND MOLECULES 

The really fundamental thing about matter is that it is made 
up of tiny separate particles called atoms and molecules. The 
reasons for believing this are very good ones, but require some 
knowledge of Science for their comprehension: it is simplest, 
therefore, to give a picture of what Matter is believed to be 
made of without trying to give the evidence. As you read this 
book you will find a good deal of evidence throughout Parts I — 
IV. 

The simplest sort of matter is an ‘^element,” which contains 
only one sort of matter. Silver is a good example. Suppose 
we take a little cube of silver the size of a lump of sugar and cut 
it in half. Cut both the halves in half, then cut the quarters into 
eighths and so go on cutting the silver into tinier and tinier 
bits. When the bits of silver are about inch in diameter 
they will be too small to see, but let us imagine ourselves reduced 
to the size of microscopic dwarfs, still cutting and cutting. 
Finally, when the bits of silver are only about one hundred- 
millionth of an inch across, we find we can cut no more. Each 
particle is now an atom of silver. It cannot be cut up or split 
apart by any reasonable force, and if it is split up into smaller bits, 
lo and behold they are no longer bits of silver but of some other 
substance such as copper or carbon. Finally, if we were capable of 
splitting up the atom of silver into the tiniest fragments possible, 
we should get nothing from it but one hundred and .fifty-five of 
the ultimate particles, protons, neutrons, and electronst, which 
have never been split up. 
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Of course it is quite impossible to cut up solid silver in this 
way. No knife could be small enough to cut such tiny particles, 
nor could they be seen when they were smaller th^ about a 
twenty-thousandth of an inch in diameter. But the description 
may perhaps give a picture of a lump of silver as a mass of extra- 
ordinarily tiny particles called atoms of silver. The atom of 
silver is fhe smallest portion of silver that can be obtained. If the 
atom of silver is cut up or split or broken, it ceases to be silver 
and becomes something else. 

Suppose that instead of silver, which is made up of silver and 
nothing else, we had tried to cut up a drop of water, which is 
made of hydrogen and oxygen. We know this because the 
action of electricity will turn nine grams of water into one gram 
of the gas hydrogen and eight grams of the gas oxygen and 
nothing else. Every drop, droplet or speck of water is just the 
same as every other, so every bit, however small, must contain 
hydrogen and oxygen. If we imagine ourselves dividing up a 
drop of water as we divided the cube of silver, we should have 
to stop when we had obtained a piece about one fifty-millionth of 
a centimetre in diameter. This bit would be the smallest piece of 
water possible. It would have two atoms of hydrogen and an 
atom of oxygen in it. If it were further split up — ^not a difficult 
task — it would not be water but separate atoms of oxygen and 
hydrogen. 

The smallest piece of a compound substance like water is called a 
molecule. A molecule is made up of several atoms, which 
are each the smallest possible pieces of some element. It is very 
necessary to understand what molecules and atoms arc, for we 
cannot explain the world without continually referring to them. 
So, if you have not a clear notion of them, read pages 25-z6 again. 

Once it is understood that an atom or a molecule is the smallest 
bit of any particular kind of stuff which can possibly be obtained, 
we can ask a few questions about them. What do they look Hke? 
What size arc they? What shape are they? Do they move? Arc 
they arranged neatly or are they all higgledy-piggledy? Do they 
touch or have they spaces between them? 
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WHAT ATOMS ARE LIKE 

All these questions have been answered. 

What does an atom look like? The answer is quite definite 
though a little puzzling. It doesn’t look like anything at alll 
If a thing is to be seen, it must shape the rays of light which come 
from it so as to form a pattern of light which is received on the 
sensitive curtain at the back of the eye. But an atom is far smaller 
than a wave of light: a single atom will deflect the course of a 
light wave as little as a speck of dust will deflect a wave of 
the sea. The smallest thing the most perfect microscope could 
show as a speck is several thousands of times bigger than an 
atom. It is true that an atom when thrown into violent con- 
vulsions may send out light. In the glow of a neon sign, atoms 
of neon are altering their interior arrangements and sending out 
red light. This light, however, will not tell us what shape the 
atom is. A rifle bullet fired into water starts a ring of ripples, 
but no one could teU from the ripples what shape the bullet was. 
The atom, then, does not look like anything, because it is too 
small; but it is legitimate to ask what a model of it as big as a 
house would resemble. This is a more difficult question. Some- 
where in the centre there would be something very heavy and 
about as big as a dust speck. This tiny “nucleus” would have a 
big positive electrical charge. The rest of the “house” would 
contain from one to ninety-three minute light particles of negative 
electricity about as large as full stops racing about at enormous 
speed — probably revolving in orbits roimd the heavy positive, 
nucleus. The atom is practically all empty spacel Even if our 
big model had its model nucleus and electrons made of something 
you could see, say, lead, you would not notice the model if you 
stood a few yards away. 

The atom, then, is nearly all empty space, and it seems very 
peculiar that an atom with so little of anything in it should behave 
almost as if it was as solid and hard as a marble. For it certainly 
seems to be hard. Only the most violent treatment can break it 
up, and it is impossible to force one atom to enter another. At 
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first sight it would seem that two of these very empty atoms, 
made up of a few electrons moving about in a space a hundred 
thousand times bigger than liiemselves, could perfectly well 
occupy the same space, just as two flights of birds could occupy 
a space ordinarily filled by one flight. But in actual fact if we 
try to compress, say, some iron, it will get a little smaller, but 
the most enormous pressures we can apply will not drive one of 
its atoms to occupy the territory contained in another such atom. 

Why is it, then, that an atom seems to be only a collection of 
a few scattered electrons and yet has an almost impenetrable 
boundary? I say almost impenetrable because if we shoot an 
electron, moving at the rate of thousands of miles a second, at a 
collection of atoms — say a bit of tin foil — ^it will usually go right 
through the atoms without disturbing them appreciably. Why, 
then, is the atom impenetrable by another atom, while a single 
electron goes through it easily? The matter is not so difficult 
to understand if we realise what the electrons in the atom ate 
and in what fashion they ate moving. In the first place the 
electrons in the atom are moving at tremendous speeds not much 
less than that of light. Some of them have speeds up to about 
twenty thousand miles pet second and their orbit is only about 
one thousand-millionth of an inch long.^ So they get round their 
orbit about lo” or 10,000,000,000,000,000,000 times every 
second! Now think of an aeroplane propeller when stationary. 
You can easily poke your arm between the blades. Set it spinning 
at the rate of, say, i j turns a second and you will get your arm 
cut off if you try to push it through the propeller. Well, if an 
aeroplane propeller feels solid at fifteen turns a second, what 
hope has anything of getting inside an atom with, say, fifty 
electrons each rotating round the central nucleus as often as ten 
million, million, million times a second? The only thing that 

^ Our knowledge about the structure of the atom is bv no means definite or 
^ed. The explanation I have given is a rather crude simplification of one theory; 
it is perhaps m near to the truth as is possible in a brief popular exposition. It is 
not really legitimate to treat electrons as if they were little bullets: they behave in 
mwy wys as waves, not particles; and they cannot be said to have any ixatth 
definable position. 
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can get through such a barrage is something very small that is 
going as fast as the electrons themselves. Just as a machine-g\m 
bullet may be fired through the circle of the rotating prooeller 
without striking the blade, so, as we shall see later, it is possible 
to shoot high speed electrons or alpha-particles, which arc much 
heavier, through the middle of the atom. 

There is another and even better reason why the atom behaves 
like a solid — ^why it will not let another atom go through it or 
even come near it. 

All atoms have a nucleus of positive electricity in the middle 
and a set of “shells’* of negative elec- 
+ + trons outside. And so we can look 





Fig, 8.— When atoms are near 
their negative exteriors repel 
each other; when they are more 
distant the positive end of one 
atom attracts the negative end 
of another. 


on an atom as being like a cherry of 
which the stone is positive electricity 
and the flesh negative electricity. 
There is just as much positive elec- 
tricity as negative electricity, so the 
whole atom is neutral^ neither positive 
nor negative. But, when two atoms 
approach each other closely, their 
outsides are much nearer than their 
insides. Electrical experiments show 
us that, first, negative electricity repels 
negative electricity and positive elec- 
tricity repels positive electricity, but 
positive electricity attracts negative 
electricity; and, secondly, that the 


nearer the electrical charges are, the 
greater is the attraction or repulsion. Accordingly, when two 
atoms approach each other very closely, the two negative outsides 
of the atoms repel each other and force the atoms apart again. 
For this reason, it is impossible to make two atoms actually enter 
each other — at least with the strongest forces that man can use. 

Atoms only repel each other when they are very near. When 
they are several times their diameter apart, they attract each other, 
though rather feebly. This is because the positive part of the 





JO The World of Science 

atom docs not stay exactly central in the middle of die atom. 
Consequendy, the atom, looked at as a whole, has a positive end 
and a negative end, and the positive end of one atom attracts the 
negative end of the next. Fig. 8 gives an idea of this attraction 
and repulsion. 

We must remember about an atom, then: 

(1) It is a tiny particle made up of negative electrons with a 

far tinier ‘‘kerneF" of positive electricity. 

(2) Atoms, when they get very near to each other, repel each 

other so strongly that we can never make them enter each 
other. 

(3) Atoms at some distance apart attract each other sUghdy. 

There is one distance where they neither attract or repel 
each other. 

The atoms in a solid, a liquid or a gas are not only made of 
moving electrons but are actually moving themselves. This 
motion never stops and is very familiar to all of us as heat. 
If you burn your ^ger by putting it on a hot gas-ring, the atoms 
of iron, moving speedily, collide with the slower-moving atoms 
of your skin and speed them up until they jump out of the 
complex pattern of atoms which is a normal skin. The nerve 
ends arc damaged by their atoms breaking away and a message 
(probably a disturbance in the atom-pattern of the nerve fibre) 
goes to the spinal cord, which, by the way, instantly sends a 
signal to the arm-muscles to withdraw the finger and another 
to the brain, which feels the burn. Heat will be mentioned many 
times in subsequent chapters. At present it is enough to realise 
that all atoms are always moving and that the faster they move 
the hotter they are. 

Everyone realises that atoms are very small indeed and it 
seems extraordinary to the scientific amateur that things so tiny 
can be measured at all. All the same, there arc five or six reliable 
ways of measuring them, and all give results fairly near to each 
other. The different kinds of atoms arc not very different in size. 
The largest is not more than about four times the size of the 
smallest, though the heaviest is 238 times as heavy as the lightest. 
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The size and weight of the oxygen atom aie about as accuratety 
known as any, and afford a good example. 

The weight of an oxygen atom is about 27 x grams, 
which means that it takes 1,080,000,000,000,000,000,000,000 



Fig. 9. — Twenty of these rectangles would contain a million dots. 
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oxygen atoms to weigh an ounce. Its diameter is about 2 
io“® cm., which means that 125,000,000 oxygen atoms would have 
to be laid, end to end, to make an inch. 

Well, no one can hope to picture these huge numbers, but you 
can get just a notion of the vast number and the minute size ot 
these atoms by one or two comparisons. Fig. 9, p. 31, containi 
50,000 or a twentieth of a million dots. If you took a hundred 
and thirty libraries (as big as the British Museum library) each 
with 8,000,000 books of a thousand pages covered with these 
dots, there would be about as many dots as there are atoms 
in a bubble of oxygen, the size of a mustard seed. 

Take the smallest speck of soot you can see by straining your 
eyes. It might be g ^^th inch across. If this speck was shared 
up between all the people in London (8,000,000) and each of 
them counted the atoms in their share at the rate of four a second 
for eight hours a day, they would finish the job in about 150 
years. Another comparison is shown in Fig. 10. If you took 



Fig. 10. — This bin, the size of which is appaient from that 
of the Nelson column beside it, holds as many gtains 
of very £ne sand as one such grain contains atoms. 


M ir^y grains of very fine sand (with grains about ^J^th inch 
in diameter) as there arc atoms in one grain, they would fill a 
bin 100 yards high, 100 yards broad, and 100 yards long. 
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WHAT SOLIDS, LIQUIDS AND GASES REALLT ARE 

Now we know enough about atoms to understand what 
solids, liquids and gases are. Every substance, we realise, is a 
mass of separate atoms or molecules — little groups of two, three 
or more atoms. These atoms are moving and the hotter they 
are, the quicker they move. They can’t be forced to touch each 
other; if they arc a little way apart, they repel each other; if they 
arc some distance apart, they attract each other rather feebly. 

In a gas, the molecules are a long way apart — a long way, at 
least, compared to the size of an atom. In the air of a room, the 
molecules of oxygen and nitrogen are, on the average, about 
eight times their length apart — 2. distance of about 
centimetres. A gas is, therefore, mostly empty space. It is only 
the average distance apart that can be given, because the mole- 
cules are moving. We know how many there arc in a given 
volume of gas, so we can work out the distance there would be 
between them if they were still and were evenly distributed. If a 
tiny volume of the gas were magnified till the atoms were as large 
as tennis balls, a room as big as a rather small bedroom would 
contain about fifty of these tennis balls travelling at a pace which 
would make a tennis champion’s smash shots look like drifting 
toy balloons. You can easily convince yourself that a gas is nearly 
all empty space by considering the fact, well known to engineers, 
that a cubic inch of water makes 1700 cubic inches of steam. The 
water turns into the gas, steam, and nothing else, so 1700 cubic 
inches of steam must contain at least 1699 cubic inches of empti- 
ness and not more than one cubic inch of atoms. 

Arc the atoms in a gas arranged at aU? Do they move in an 
orderly manner? The answer is — ^Nol An atom simply crashes 
stiaight along at several hundred miles an hour, till it hits another 
atom: it bounces off, hits another atom and so goes on, taking 
about eight thousand million knocks a second. At ordinary 
temperatures the knocks do not damage the atoms a bit. But at 
higher temperatures, above a red heat, some of the outside elec- 
trons may get knocked off. The damaged atom, however, soon 
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picks up another electron to replace the missing one, and is 
then as good as ever. In the interior of the stars where incredible 
temperatures prevail and the atoms are hurled against each other 
at speeds which make rifle-bullets look like snails, almost the 
whole of the electrons may get knocked off the atom and very 
litde except the heavy but very tiny nuclei remain. This very 
curious state of matter will be talked of again in Qiapter XXXVI, 
Summing up, then, a gas is a collection of atoms or molecules, 
fairly far apart from each other, dashing about at high speeds 
and continually colliding. 

A liquid obviously contains far less empty space than a gas. 

In a liquid, like water, the 



molecules arc only about their 
own breadth apart. They are 
moving just as fast as the gas 
molecules would be at the 
same temperature and they 
are not arranged in any way 
(or if any patterns are formed, 
they break up almost as once). 
A liquid is a violently jostling 
mass of molecules with no 
elbow room to jostle. If we 
magnify our liquid till the 
atoms are as big as tennis 
balls, the balls would be on 


Fig. II.— Showing the volume of a gtam the average about three inches 
of air as compared with that of a gram r 1111 

of a liquid or solid. apart and would be bangmg 


backwards and forwards and 


sideways with great violence, bouncing off each other. Why is 
there this difference between a liquid and a gas? If a substance 
IS a gas, it is because its molecules are not sufficiently attracted 
by each other to make them stay within the distance at which 


atoms attract each other fairly strongly; this may either 
be because they are the sort of molecules that do not attract 
each other much or because the molecules are dashing about 
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very fast — because the material is very hot. In a liquid, on 
the other hand, the molecules attract each other so much that 
they cannot easily dash off into space; if we heat a liquid, the 
molecules speed up; finally, the attraction can no longer hold 
them and the liquid boils — ^that is to say, it turns into a gas. 
Liquids and gases flow easily because their molecules are not 
strongly attracted to each other but are always moving. Thus, 
they can ooze through any hole which will let a molecule through, 
and that is a pretty small onel 

Solids ate quite different from gases and liquids in that their 

molecules, though always in mo- 
tion, remain in a fixed pattern. 
Imagine a great pile of bricks 
neatly stacked. Imagine a billiard 
ball in the centre of each brick. 
Now take the bricks away, and 
leave the billiard balls. You ought 
now to be imagining something 
like Fig. i6, p. 47. 

Now set all these balls vibrating 
an inch each way like pendulum 
bobs (only doing millions of swings 
a second instead of one or two) 
and you have a picture of a solid. 
Beautifully regular rows of mole- 
cules or atoms, each vibrating on 
its own little beat, but not inter- 
fering with the next one. What 
happens if we heat a solid? The 
molecules, as always, speed up: the 
swings of the vibrations become 
longer until the atoms begin to 
swing so far out of position that no 
pattern at all remains. The pattern is destroyed and we just have 
a jostling crowd of atoms — a liquid — the solid has meltedl 




Fig. xz. — I maginary section of (A) 
a solid with regular and close 
packing of molecules, (B) a liauid 
with irregular, shifting but close 
arrangement of molecules, and (Q 
a gas with irregular, shifting and 
very open arrangement of atoms. 
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A COLLOIDAL SOLUTION 


The mixtures of solids, liquids and gases, froths, muds, etc., 
are now easier to understand. Let us consider a mixture of a 
solid and a liquid, say, some muddy water. Take a spoonful of 
mud and stir it into a glass of water. Little stones and sand 
sink to the bottom at once. In half an hotir no bits of solid big 
enough to see are left in the liquid — they have all sunk to the 
bottom— but the liquid itself is thick and cloudy and a drop 
examined under a microscope shows thousands of tiny particles. 
Leave it a day or two and it will be quite clear — aU the mud 
having sunk to the bottom. Evidently the smaller a particle, 
the slower it sinks. This is easy to understand. The molecules 
of the water are darting about and bouncing against the bits of 
mud. They cannot slow up a sand-grain much, for a molecule 
hitting a sand-grain is like a rifle-bullet hitting a great battleship — 
it does not slow it up noticeably. But when we get down to 
really tiny particles, these get bounced about quite badly. If you 
look at a drop of diluted Indian ink under the microscope — it 
must be a pretty good one ( x looo) — you will see if consists of 
tiny particles of carbon (soot) floating in a clear liquid. These 
particles are only just visible with the microscope and th^ never 
stop moving— rowing about and quivering. They arc being 
battered and shaken by the blows of millions of water molecules 
and that queer trembling (the Brownian movement) is one of 
the nearest approaches you will make to seeing a molecule. 

The black particles in Indian ink setde out only very slowly 

the more so since it is thickened by gum— but if it is left for a 
year or so untouched, almost all the black settles to the bottom. 
A mixture of particles of a solid with a liquid is ra iled a sus- 
pension. Coarse suspensions settle out, but there are a few 
suspensions which never setde out at all 1 If the particles have 
Jarge— suppose they are negatively and the water 
positively charged-the particles wiU repel each other and as 
long as they keep their charges they can never get together at 
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the bottom. These electrically charged suspensions are called 
colloidal solutions or sols. A sol of silver particles swimming 
in water (thickened with certain chemicals) is a deep brown liquid 
looking not at ail like silver but more like tincture of ioine. 
Doctors use it as a mild disinfectant for delicate parts of the 
body. 

Tiny droplets of a liquid like oil floating in a liquid in which 
they don^t dissolve make another kind of suspension which is 
called an emulsion. Milk is the most familiar emulsion — ^it is 
made up of droplets of butter fat floating in “whey/* a weak 
solution of casein, sugar and other things. When milk is violently 
shaken, the oil-drops meet, stick together and form buttjer. 


SMOKE AND FOO 

Smokes and fogs are like suspensions: they arc, in fact, 
suspensions of solids or liquids in a gas. Ordinary smoke is a 
suspension of tiny soot particles in air. It isn’t very easy to look 
at some under a microscope, but when it is done, you see tiny 
particles darting in every direction as the gas molecules hit them. 
Smokes only settle out very slowly, for the air is always on the 
move, even when it seems to be still, but the soot gradually 
deposits, particularly on anything that is moist. Thus, it sticks 
to the inside of our noses, and the lungs of a townsman are a 
dirty grey instead of the natural pink colour seen in the lungs of 
a baby. All air we breathe is really a very thin smoke, that is 
to say, it is full of dust particles. On a fine day — slightly hazy 
— ^there may be 100 to 200 particles of dust in every cubic centi- 
metre; some thousands in every breath we draw. In a London 
fog, there may be 20,000 particles in every cubic centi- 
metre. The dust particles are very tiny, from to 

an inch in diameter. You cannot see any of the many thousand 
dust particles now between your eyes and the book. But let a 
ray of sun peer through the curtains into a darkened room. The 
larger dust particles catch and scatter the light and we see them 
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as “motes.” If we coat the floor of a glass box with the sticky 
liquid, glycerine, and leave it for a day or two, all the dust particles 
will stick to the glycerine and the most brilliant beam of light, 
projected through the glass, will be invisible as it passes through 
the dust-free air. 

Fogs are either mists— drops of pure water suspended in air— 
or true fogs of the London type, where each water droplet is 
surrounded by a film of tarry smoke which causes it to soil 
everything it touches, and also prevents it from evaporating as 
does a clean country mist. The droplets in a mist are as large as 
^ ^ diameter and can often be seen by the naked 

eye— in fact, mist, cloud and rain pass into each other without 
any sharp dividing line. 

You We now got a picture of the three states of matter and 
can see in your minds ^e darting scattered molecules in a gas, 
the crowded jostling molecules in a liquid and the orderly 
pattern of vibrating molecules in a solid. It is now easy to under- 
stand something about the behaviour of the ordinary solid things 
we meet, and e^lain why they behave as they do. 



CHAPTER IV 

Solids 

THE PATTEBNS OF ATOMS IN SOLIDS 

W E have arrived at the notion that a solid is made of atoms 
or molecules, set out in a regular pattern, vibrating a 
certain distance in each direction but never leaving the pattern. 

This pattern may be perfectly regular and go from end to end 
of the solid, in which case we call it a single crystal. More often 
the pattern persists for a stretch of a few million atoms and 
then breaks off and starts again. This is the state of af^drs in 
most solids, which are made up of little crystals arranged 
higgledy-piggledy but firmly stuck together. Plate HI shows a 
photograph of a piece of steel magnified a thousand dmes. Each 
of the little compartments is a crystal with a tegular pattern of 
atoms; but at the boundary between them the pattern breaks 
and is started again with the rows of atoms pointing another way. 

At one time it was thought that some solids were not crystalline 
at all — that their molecules were arranged just anyhow like the 
molecules of a liquid. Chief of these solids were glass and Hint 
and things like glue and rubber. We arc still not very certain 
about glass and flint; there is probably some sort of pattern in 
the arrangement of the molecules, but not at all a regular or 
definite one: things like glue and rubber have such enormous 
molecules (comparatively speaking) that they can’t form neat 
regular patterns. But generally speaking, every solid is a mass 
of crystals — neat little mosaics of atoms stuck together. 

CRYSTALS 

Since most of the solids, of which all the things we touch and 
handle every day are made, are masses of these crystals, it is 
important to have a few ideas about crystals in general If wc 

)9 
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let a liquid or a gas turn slowly into a solid, or in any way deposit 
a solid slowly, the molecules have time to arrange themselves 
in a perfect pattern and we get crystals which are big enough to 
see or handle. 

We can easily see this happening of its own accord, or if we 
prefer we can do experiments about it ourselves. Buy an ounce 
of alum at the chemist’s, put it in a teacup and pour on it a 
quarter of a pint of boiling water. Stir it, best with a bit of 
wood, until the alum has disappeared. Stand the teacup on a 
folded duster; cover the cup with two or three dusters and let 
it cool slowly all night. Next morning look at it; the alum 
will be found as well-formed crystals. A quarter of a pint of 
boiling water will dissolve an ounce of alum and more, but a 
quarter of a pint of cold water will dissolve only half an ounce 
of alum, so the remaining half of the ounce comes slowly out 
of the water as it cools, and the alum molecules form a regular 



Fig. 13, — Two crystals of potassium sulphate. Their angles between 
cor^ponding faces (indicated by the same letter) arc identical. 
If they are set so that a pair of corresponding fatis arc pa^lel, 
all tlM other pairs will be parallel. (Courtesy or Messrs. Macmillao 
and Co., Ltd., and Prof. R. H. Tutton, from the latter’s Crystaih- 
Srapby and Practical Crystal Measurement.) 


pattern. You will see that the resulting crystals have flat sides 
^d sharp angles; and that they are of much the same shape. 
Crystals of the same kind do not have exactly the same shape, 
but they do have the same angles between their faces. Fig. 15 
shows two quite different looking crystals of potassium sulphate 
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with the corresponding faces lettered. It shows very clearly 
how the angles between the faces remain the same for a given 
crystal, though the sizes of the faces may differ and thus make 
the crystal appear to be of quite a different shape. 

Try another substance. Take a spoonful of salt (cooking salt 
is better than table salt) and stir it with six spoonfuls of water. 
Pour a little of the liquid on to a piece of glass (say the bottom 
of an inverted tumbler), let it dry up of its own accord. There 
is no harm in putting it near the fire. Minute crystals of salt 
will appear. A magnifying glass or a microscope will show them 
to be little transparent cubes. Like the alum crystals, all their 
sides are flat; and the corresponding angles of every salt crystal 
are the same, in this case right angles. 

One more experiment: Put a lump of camphor in a dry medicine 
bottle, cork it and stand it on the window sill. In a day or two, 
little brilliant crystals of camphor will deposit on the cooler side 
of the bottle. In this case the vapour of camphor has arranged 
its molecules in a regular pattern and formed crystals. The lump 
of camphor you start with is a mass of tiny crystals all set any- 
how; if you break it, you will see them. The slow depositing 
of the camphor from its vapour gives the opportunity to make 
bigger crystals. 

What we call ‘^natural processes’^ make much finer crystals 
than men can. Nature has unlimited materials and some of her 
crystals have taken centuries to make. 

Plate II shows two beautifully regular crystals, the first fluor- 
spar, or blue-john, the second, beryl, a beautiful blue-green gem- 
stone. Neither of these could at present be made by man. Some 
of nature’s finest crystals are made with water. When water 
solidifies to ice, it forms “hexagonal"^ crystals with angles of 60® 
and 120®. These for some reason show a remarkable tendency 
to branch. Most people have poured out a half-frozen bucket 
of water and found in it clear blades of ice, notched like fern- 
leaves. These are water crystals. But the most beautiful pro- 
ductions arc found when water-vapour, of which the air usually 
contains 1% or more, solidifies to ice. Everyone has seen frost 
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crystals on the window pane: look at them again next time and 
think how they are all made up of water molecules set together 
in ever-repeating variations of the six-sided star-pattern. But it 
is in the snowflake that the most extraordinary regularities are 
found. As the snowflake forms in the cloud it is surrounded 
with water vapour which freezes on to it equally and regularly 
on every side; and, if the flakes are slowly formed, the sort of 
d el icate lacework of crystals is developed, which is illustrated in 
Plate 11. They are a little difficult to observe for oneself, because 
they melt so quickly, but by catching them on a black sleeve 
and looking at them with a strong lens, much can be seen. 

The crystals arc finest when the snowfall is not too heavy, 
when the air is still and when the weather is pretty cold. 

Francis Thompson perfectly described the delicate beauty of 
crystals of ice and snow in his poem. To a Snowflake: 

What heart could have thought you? — 

Past our devisal 
(O filigree petal) 

Fashioned so purely, 

Fragilely, surely. 

From what Paradisal 
Imagineless metal 
Too costly for cost? 

Who hartmered you, wrought you. 

From argentine vapour? — 

God was my shaper 
Passing surmisal. 

He hammered. He wrought me. 

From curled silver vapour. 

To lust of His mind: — 

Thou coulds’t not have thought md 
So purely, so palely. 

Mightily, frailly, 

Insculped and embossed. 

With His hammer of wind. 

And His graver of frost. 
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Beautifully expressed, his thought is wholly sundered ftom that 
of the modern man of Science, who, if he looks to God as a 
Creator, thinks of liim, not as separately fashioning forms of 
beauty, but as putting forth the supreme marvels of proton, 
neutron and electron and space-time, which of themselves have, 
without guidance, created every grace of form and action. 

The most obvious and showy thing about crystals is their 
lovely shape; but even if a crystal had no shape, we should know 
it for a crystal. Because a crystal is a regular pattern of atoms, 
it has a grain to it, so to speak, and it will behave differently if 
things are done to it with the grain or across the grain. 

Look at a handkerchief. That is a sort of lattice with its 
thread-crossings repeating themselves in every direction. If you 
wanted to tear it up, you could only do it along the line of one 
set of threads or the other. It will easily tear in two directions 
at right angles to each other but not in others. Now look at a 
pattern of atoms like Figure i6. It is obviously likely that it will 
‘‘tear” or split along the spaces between the atoms, much more 
easily than it will split in a direction which goes through the layers 
of pattern. Accordingly, we find that most crystals “cleave” 
easily. A light tap with a knife blade, in the right direction, will 
split them in two. Plate II shows first the cleaving of a piece of 
crystalline of calcite, a very pure form of marble. You will see 
that the pieces have split along two directions at an angle of 74** 
55' and 105® 5' to each other and parallel to the original cleavage 
faces. This cleavage is of some practical use. The diamond is so 
hard that to cut it a very skilled and slow process of rubbing 
down with diamond dust and oil on revolving wheels is needed. 
But find the right angle for cleavage — not a very easy task, it is 
true — and a tap with a hammer and knife-blade will split it. 

The third thing worth noting about crystals is that they behave 
differently in different directions. If you cut a plate of rock- 
crystal lengthways from point to point of the crystal, coat it 
with wax and put a hot point on it, the heat will go more easily up 
and down the crystal than across it and instead of a circle of melted 
wax spreading out from the hot point, we shall have an oval. 
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Most ordinary solids, like steel or marble, do not show these 
properties of regular shape, cleavage, etc., because they are 
made of a tremendous number of tiny crystals all set anyhow. 
If one crystal is cleaved by a tap, the split goes no further, because 
the next tiny crystal is facing the wrong way to be cleaved. The 
different appearance of solids in big crystals and little crystals 
is fairly wcli illustrated by sugar. Sugar candy is made of a few 
big crystals of sugar. Coffee sugar, too, is made of single crystals. 
Their crystal form is shown in Fig. 14. Lump sugar is a mass 
of small crystals quite easy to see. In foreign loaf or in icing 
sugar, the crystals are much smaller, while in barley sugar there 
probably are not any crystals at all but just a mass of sugar 



Guie sugar. 



Sal ammoniac. Copper sulphate. 




Epsom salts. 
Fic. 14. — Crystals 


Camphor. 

of some common substances. 


molecules hanging together and not arranged. (Break a bit; 
70U will see no flat crystal faces, only a shiny rounded surface.) 
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LATTICES 

The patterns of molecules we find in solids are those which go 
on repeating themselves in every direction till we come to the 
edge of the crystal. A pattern which goes on repeating itself so 
that every point in it is surrounded by an exactly similar set of 
neighbouring points is called a space-lattice. The simplest sort 
of lattice to understand is a flat one as shown in Fig. 15. The 
point A and the points B and C have in Fig. 1 5 [a) four neighbours 
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Fig. 15. — Two-dimensional lattices. 

0.56 cm. away and set at the corners of a square, and four neigh- 
bours 0.4 cm. away and set at the middles of the sides of the same 
square. The pattern can go on for ever in every direction and 
each point is indistinguishable from the next. Fig. 15 (i») shows 
another flat (two-dimensional) lattice. Here, every point has six 
neighbours 0.35 cm. away and equally spaced around it. 

Now if a crystal had its atoms in patterns like these, it would 
only be one atom thick and you couldn’t see it. The lattices in 
which the atoms of a crystal are arranged are three-dimensional, 
that is to say the pattern goes up and down, left and right and 
forwards and backwards as weU. Fig. 16 gives apicture of one such 
lattice. It shows the pattern in which the atoms of common s Jt are 
arranged: this is like Fig. i J (tf) repeated like a pile of sandwiches. 
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This picture gives you the pattern. To get a dearer notion 
you should think of the atoms as vibrating back and forth, so 
that there is not much space in the crystal which is not at least 
part of the time invaded by one of the neighbouring atoms, and 
also you must think of the pattern going on almost endlessly in 
every direction. Suppose a tiny crystal (say a grain of table salt) 
were magnified till the atoms were as big as tennis balls, the 
regular pattern of balls arranged as in Fig. i6 would be thirty 
miles broad, thirty miles long and thirty miles high. 

Of course, there are a great many different atoms and molecules 
which can be formed into these patterns, and the different sizes 
and attractions of these make each kind of crystal just a little 
different from any other. The differences between one crystal 
and another are not only differences in shape. Some of the 
greatest differences are due to the fact that molecules may be 
bound into the crystal by very strong forces or quite feeble ones. 

At one extreme, take the camphor crystals you made. They 
are so soft that you can crush them with your thumbnail, and 
the camphor molecules are held in their lattice so feebly that if 
you put a camphor crystal on the mantelpiece it will all evaporate 
away into vapour before many weeks have gone. 

Each camphor molecule is held to the next by the feeble 
attraction that every atom or molecule has for another one a 
little way from it. The vibrations of the molecules are enough 
to send the outside ones out of range of the attraction of the 
rest and they sail off in the air. Camphor smells simply because 
its molecules sail away and enter one’s nose. Suppose a bit of 
camphor the size of a pea disappears altogether in a year. This 
means that it is losing about ten million million molecules a 
second for all that timel 

Next look at a crystal of salt. It is a cube harder than the 
camphor but not difficult to crush, whereupon it splits up into 
smaller pieces with square edges such as it originally had. But 
weigh it, leave it for a year, and the most delicate balance won’t 
show that any of the salt molecules have gone off into the air. It 
has to be heated bright red-hot before the molecules are moving 



PLATE I 






A PK-cc of IcdancI spar (left) cleaved by taps with a knife-blade into lour 
fragnicnts with sides mid edges at the same angle. 



Hexagonal crystal ot berth 
(By courtesv ol the Director ol the 
Natural llistorv Museum, London.) 


(mbic crystals of fluorspar (“Blue-John”) 
(By courtesy of the Director of the 
Natural Historv Museum, London.) 



Microphotographs of snow crystals. All angles arc multiples of 6o 
(By courtesy of the McGraw Htll Company, from Bentley’s Snow Crystals.) 
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fast enough to go off on their own. They stick to each other, 
because the crystal is held together by strong electrical attractions. 
The reason why this is so is a little difficult to follow unless you 
know a little chemistry. Common salt is a combination of the 
soft inflammable metal sodium and the green poisonous gaseous 
element chlorine. If you put a bit of sodium in chlorine, it 
catches alight and burns, giving out a white smoke which finally 
settles out as a white powder — sodium chloride or common 
salt. Now, the real thing which happens is that the sodium atom 
has an electron too many to make the stable or “favourite” pattern 
of eight outer electrons: chlorine has an electron too fsw to make 



Fig. 1 6. — ^Thc arrangement of ions (electrically charged atoms) in 
common salt, magnified 70,000,000 times. The spheres indicate tlie 
positions of the centres and relative sizes of the sodium ions (black) 
and chlorine ions (grey). Actually these almost touch: they are 
drawn to a smaller scale to allow the arrangement to be seen. 

this pattern; so the sodium hands its electron to the chlorine. 
Now, the sodium atom started with just as many positive charges 
(protons) as it had negative electrons, so now it has one positive 
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charge not balanced by a negative one; while the chlorine atom 
has got a negative charge not balanced by a positive one. So, 
after the change, the positively charged sodium atom (now 
called an ion) is strongly attracted to the negatively charged 
chlorine ion. So when salt crystallises, instead of a set of mole- 
cules rather flabbily clinging together (as in camphor) we have 
a crowd of electrically charged “ions” all pulling on each other. 
Now, if any sodium ion pulls a chlorine ion to itself, it has to 
pull it away from the other sodium ions which are pulling it 
just as hard; so the crowd of ions settles down to a balance like 
equally matched tug-of-war teams and sort themselves out as a sort 
of sandwich, first a layer of sodiumions, then a layer of chlorine ions, 
then another layer of sodium ions and so on through the crystal. 

No wonder, then, that salt does not evaporate easily, for if an 
ion wants to get away, it has to drag itself away from the powerful 
electrical attraction of its neighbours. 

At a certain temperature (804® C.) salt melts. This means that 
the ions vibrate so strongly that their attraction will no longer 
hold tliem in the lattice. The pattern breaks up and the sodium 
ions and chlorine ions go off into the liquid all mixed up. At 
a white heat (1413° C.) the melted salt boils. The ions are now 
moving so fast that even their powerful electrical attractions 
will not keep them in the liquid. So each positive sodium ion 
links up (arm-in-arm, so to speak) with a negative chlorine ion 
and they go sailing away through the air. 

Now let us consider one of the most remarkable substances, 
that is to say, diamond, which, oddly enough, is entirely made of 
carbon, the same stuff as pure charcoal. A diamond is the hardest 
thing in the world. Nothing we can do to it will make it melt 
or turn into vapour. A diamond is a single giant molecule^ made 
up of countless carbon atoms. Every carbon atom (Fig. 344) 
has four outer electrons. If it lends a share of one electron to 
each of its four neighbours and borrows a share of an electron 
from each of them, it gets a share of eight electrons. But since 
every outer electron is now shared between two carbon atoms 
these atoms are, so to speak, interlaced and tremendously tightly 
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bound to each other. This 
is why a diamond is so hard 
and why it will not evapo- 
rate. If you want to get a 
piece of diamond away 
from another piece, you 
have to make the carbon 
atoms disgorge each other’s 
electrons, a thing that they 
will not do unless you 
apply a great deal of energy 
to them. 

Most very hard things 
are giant molecules. Car- 

Fig. 17. — The structure of diamond. The borundum, the next hardest 
circles represent carbon atoms: the different thing after diamond fused 
shadings mark out the planes along which ° 1 i i 

a diamond can be cleaved. for whetstones and grind- 

ing wheels), is just like 
diamond except that instead of having a pattern aU of carbon 
atoms it has a pattern of carbon and silicon atoms all bound 
together by electrons. Rubies and sapphires (both very hard 
stones) are made of aluminium and oxygen atoms, all bound 
together in this way. Nearly as hard as these gemstones is steel, 
and we shall see that it is a little difficult to make out why it is 
so hard. It seems that a crystal of pure iron is a giant molecule 
of iron atoms, bound together by sharing electrons; this giant 
molecule is not very hard, because the atoms can unship their 
electron cables (so to speak), slip a certain distance and then hitch 
on to other atoms. Steel contains a little carbon which seems to 
fill up the spaces between the iron atoms and stop the slipping in 
much the same way as sand on a frosty pavement. 

There are three kinds of giant molecule altogether. First 
the solid (or 3 -dimensional) one like the diamond we have 
just talked about; secondly the 2-dimensional or larger ones, 
which are piles of flat layers of atoms firmly bound to each 
other but only feebly hanging on to the next layer; thirdly the 
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thread-like i -dimensional giant molecules where the atoms 
are strongly bound together into a string like beads, though each 
string is not very firmly bound to the next. 

Of the solids with layer-molecules the best known is graphite, 

the stuff in lead pencils or 
stove polishes. Like the dia- 
mond, it is made of carbon 
atoms and nothing else, but 
these are strung together in 
layers in a honeycomb pattern 
and each layer only hangs 
feebly on to the next. This is 
why graphite is soft and slip- 

Fzg. i8. — Structure of giaphite. The black pery. The flat layers slide 
circles are carbon atoms. The short hori- i_ ^ 

2ontal lines indicate firm linkages by over each Other Without any 

sharing of electrons: the long vertical difficulty like a pack of cards 
lines indicate weak linkage by electrical , ^ j 

attraction of the atoms. because they are not bound 

together by any powerful 
attractions. Mica, the stuff of which the transparent doors to 
anthracite stoves are made, is another giant layer molecule (Fig. 
378). You can split mica into the thinnest flakes because it is 
simply a pile of extremely thin layers each of which is an elaborate 
pattern of silicon, oxygen and magnesium atoms. French chalk is 
powdered mica and its smooth slippery feel is caused by its being 
a mass of these tiny thin flakes. 

Finally, the giant thread-molecules are important because they 
make fibres and the modern world finds thousands of uses for 
fibres. Paper, cardboard, cotton, wool, silk, hair, wood, asbestos, 
are a few of the fibrous materials we use. 


Just look round the house and you will see that most common 
domestic objects are made of fibres. Clothes, carpets, chairs, 
upholstery stuffing, books, wall paper, are all made of fibrous 
material. If we look at cotton under the microscope, we see it is 
made up of hundreds of tiny fibres (Plate XXX). These fibres 
are of course absolutely enormous when compared to molecules, 
but if they are examined by X-ray photography (pp. 518 it 
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appears that each fibre contains thousands and thousands of 
much smaller fibres laid side by side — rather like sticks in a 
bundle. Each of these smallest fibres is a giant molecule fashioned 
rather like a watch-chain, the links being rings of carbon, hydrogen 
and oxygen atoms. Silk and hair have also long thread-like giant 
molecules. These fibres are not exactly crystals but they resemble 
crystals in having a repeating pattern of atoms. Part of a thread 
molecule from an asbestos fibre is shown in Fig. 578. 

HARDNESS AND STRENGTH 

If one was asked what was the chief thing that made solids 
different from liquids one might answer — the fact that ttey are 
hard and strong. They keep their shape. From the point of 
view of the engineer or the builder, the most important question 
to answer about a solid material is, “What will it stand?’* The 
points to know about a material you are going to use to make a 
machine, a house, a ship, a railway line, are: 

Is it hard or soft? 

Is it tough or brittle? 

Is it strong or weak? 

Something has already been said about hardness and softness, 
and it will be realised that a hard substance is one which has its 
molecules firmly bound together and a soft one the opposite. 
Pure hardness is not very often wanted by the engineer. A 
material like glass or rock-crystal which is hard (difficult to 
scratch or dent) but brittle (easily broken when bent) is not a 
great deal of use. Diamond is, as I have said, the hardest stuff 
in the world: it is not very brittle but fairly so. A diamond is 
shattered at once if hit by a hammer, but you can rub it and 
grind it with anything else but another diamond and will not 
even be scratched Diamonds are so expensive that engineers 
can’t afford to use them much, but two very important uses 
have been foimd for diamonds which are discoloured and 
therefore useless as gems. 

When a deep hole is being drilled in rock, a heavy cylindrical 
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drill (Fig. 19 B) is twisted round in the hole and slowly cuts out 
a long cylinder of rock. A steel drill is very soon blunted, for 
almost all rocks are full of particles of silica (sand or quartz) 
which is iust as hard as steel. So, in the cutting face of the 
drill the engineer sets a dozen or so strong lumpy diamonds: 
the dark kind called “bort” are the best. The diamonds cut 
through the rock enormously quicker than could steel. Such a 
drill may be worth a couple of thousand potinds and naturally 
there is a good deal of excitement if it breaks off at the bottom 
of a hole a thousand feet deep! Another job where hardness — 
freedom from wear — rather than strength is needed is wire- 
drawing. To make a wire, a rod of metal is pointed and then 
pulled through a hole just a little smaller than itself. It is then 
pulled through a hole a little smaller still and so on, until it is 
reduced to as small a diameter as may be wanted. These holes 


illustrating the method of dtawing wite: 

(b) a diamond drill; (c) a jewelled bearing in a wat(^. 

are very quickly worn out because of the nules of wire hauled 
through them; the best way to make them is to drill a hole 
thtough a diamond, with the help of a rotating bit fed with 
diamond dust and oil, and set the diamond in a steel ring. 

You ^ often see advertisements of watches "with nin^ v^ 
jewels The wheels of a watch go round for a lifetime and are 
not often oiled. The accuracy of the watch depends on their 
toning very easily without looseness or shaking. Accordingly 
the bcarmgs (Fig. 19 C) in which the spindles (“arbors”) a 
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watch wheel fits are made of a jewel, usually a small ruby or 
sapphire, drilled with a fine hole. The end of the spindle, in the 
best watches, rests on a second jewel. 

But, for most purposes, a material has got to stand shocks, 
A rod of rock crystal will stand as much wear as a rod of steel 
and will stand very nearly as strong a pull, but it won’t stand 
a sudden shock. The materials which will stand the sort of 
treatment which a hammer-head, a tramline or the bufiers of a 
train get are only of one kind — metals. It is very difficult to 
break metals. They bend before they break, whereas most 
other things like glass, salt, stone, brick, etc., break before they 
bend. We distinguish, then, things like metals which are lotigi from 
things like glass which are l>rii//e. 

Scientists have been puaaled for a long time as to why metals 
are so different from anything else. Think of a silver shilling. 
It has an odd shiny look about it which is shared only by other 
metals like steel, mercury, nickel and so on. It is absolutely 
opaque to light. Only the thinnest leaves of silver — fifty or a 
hundred atoms thick, let any light at all through. It is very tough 
and strong — ^try to break it or bend it. It conducts heat mar- 
vellously — ^hold one edge in your fingers and the other in a 
match-flame. It conducts electricity hundreds of times better 
than anything which is not a metal. It is now considered that the 
atoms of the metals are arranged in a crystal structure, like those 
of other solids, but that their outermost electrons are released and 
form a sort of enveloping doud occupying the spaces between 
ions (p. 277) of the metal. The metd is hdd together by tlie 
attraction between the cloud of free electrons and the ions. This 
attraction may be powerful, in which case the metal is hard. It 
also accounts for the fact that metals will bend. But the difference 
between a metal and a thing like diamond or rock-crystal is that 
once you do break the bonds between the atoms in a diamond 
they are broken for ever, while in a metal the binding electrons can 
shift from one atom to another. If you bend a copper rod, the layers 
of atoms in the copper crystals slide over each other (bend a book 



54 


The World of Science 

or a pile of sheets of paper and see how they slip) and all the time 
the bending is going on the atoms are still surrounded by the 
electron cloud, which holds them together. If the bending is too 
violent, the layers may be separated and the electron cloud may 
be severed. The metal is then cracked or broken. This theory of 
the electron cloud accounts for the remarkable way in which 
metals conduct electricity. A current of electricity is just a mad 
rush of electrons. In a metal, the electrons can move; in a 
diamond or a ruby they are all bound up in the atoms, and not a 
trace of electricity can get through. The fact that metals do not 
let light through depends on these free electrons too. Light is 
made of waves of magnetic and electrical force, as is explained in 
Ch. XV. Electrons, being electricity, arc moved by electrical and 
magnetic forces and so these forces which make up the light are 
totally expended in setting loose electrons in the metal moving; 
thus ihe light is used up. 

The other things which are tough but not hard are the fibrous 
things mentioned a short way back. In these, the long thread- 
like molecules are flexible and, since they are not bound to each 
other at all firmly, they can all bend without permanent 
damage. 

Tough materials are wanted for a great many engineering 
purposes. The toughest of all are wanted for pieces of machinery 
which take violent shocks. Take, for example, the chain links 
which couple together the trucks of a goods-train. When the 
engine sets off, each link comes tight with a bang and a jerk. 
Steel would snap after a time, so a material not as strong as steel 
but even tougher-wrought iron— is used. Metals arc tough and 
fibres are tough: wrought iron is hammered and rolled in such 
a way that it is a mass of fibres of nearly pure iron and is the 
toughest thing in the world. Copper is very tough but very 
soft as well, but a mixture of copper with about an eighth of 
its weight of tin gives the alloy, bronze, which is supremely 
tough and strong though not very hard. Bronze is used for ship^s 
propellers. If a liner’s vast propeller weighing 35 tons and 
turning 250 times a minute hits a sunken log or some such 
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obstruction, it receives a fearful shock; a steel propeller would 
probably break and leave the ship crippled or helpless, but a 
bronze propeller will bend before it breaks. 

The last but by no means least important 
quality needed in an engineering material is 
strength — ^tenacity — the ability to stand a 
pull without breaking. The finest steel here 
stands alone. A rod of steel an inch square 
will stand a pull of eighty tons, the weight 




Fi®. 20. — A steel rod of i in. cross section (the size of the black square) 
would be at breaking point when supporting eleven motor-buses. 

A copper rod of the same size would support two buses: a lead rod 
would support a saloon car. 

of nearly a dozen large motor buses. “Mild steel*^ is less strong 
but much cheaper: a rod an inch square, made of the mild 
steel from which girders, etc., are made, will stand a puU of 
some twenty tons. Mild steel costs only about los. a ton, 
and is by far the strongest material at the price. It is not as strong 
as fine hardened steel, but it is tougher: though ir is not as tough 
as wrought iron, it can be cast in moulds, while wrought iron 
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has to be forged. It is the material par excellence or engineering 
jobs in general. 

A great many materials which will not stand a pull will stand 
a push. All kinds of stony materials like bricks, stone, concrete 
and so on, will bear a tremendous weight on top of them, but 
will not stand pulling or bending. The importance of ferro-con- 
Crete follows from this. A building of concrete alone would stand 
a very great weight as long as the strains (such as wind-pressure) 
did not bend it sideways. Steel is much too heavy and expensive to 
make a whole building of, but if we pour the liquid concrete round 
bars of steel the result is a very efficient structure. The steel takes 
the bending and pulling strains and the concrete takes the pressure. 

Finally, a very important property of solids is elasticity. Gases 
are perfectly elastic, as you can easily convince yourself by 
sitting on a football; if you compress them by a push, they come 
back to exactly the same volume as before when you take the 
pressure away. Liquids, too, are perfectly elastic, though they 
are very hard indeed to compress. Solids, however, have another 
kind of elasticity: if you alter their shape by applying a force, 
they come back to the same shape again when the force is 
removed. Everyone thinks of india-rubber as the most elastic 
material there is, but it is no more clastic than steel. Rubber 
can be stretched a very long way and come back again. This is 
because it has giant thread molecules folded like a tangle of rope. 
They pull out straight and, when let go, snap back and fold them- 
selves up again. When a steel rod is stretched, the atoms in the 
lattice are pulled a little farther apart. Every atom is hitched 
to the next by electrons (probably going in an orbit roimd both) 
and to stretch the orbit you make the electrons go further and 
do more work. Each electron is very small and feeble, but the 
collection of millions of millions puts up a good pull. An elastic 
metal like steel just stretches these orbits when it is pulled on 
or bent and, when it is let go, they spring back and the material 
returns to its former shape. The poorly elastic metal (like lead 
or copper) when pulled on strongly, just unlinks its atoms and 
links them up again in the new position. In other words, it 
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stretches. The only unpoitant elastic material (beside rubber) 
is steel, and it must be hardened steel. If steel is made red-hot 
and suddenly cooled in water, it becomes very hard, very elastic 
and rather brittle. The process is called tempering. If the 
tempered steel is then gently heated up, it becomes softer, less 
elastic but much tougher. Springs, which of course must be 
very elastic but which must bend a long way without breaking, 
are almost always made of steel which has been tempered and 
reheated. It is hard to make a good spring out of anything but steel. 

If a steel spring is stretched, it extends, and the sxtra lengtli 
is proportional to the load: if a one pound weight makes a spring 
two inches longer, then a 2 lb. weight makes it four inches 
longer, and so on. But after a time, the tlastic limit is reached and 
the spring begins to stretch much more for every pound put on, 
and if the weight is taken off the spring will no longer go back 
again. What has happened here? It seems that a sufficient weight 
makes the links between the atoms give way at the weakest points, 
which arc where the tiny crystals of metal join: these crystals slip 
past each other and the shape of the spring is altered; a little more 
weight makes the crystals separate, whereupon the spring breaks. 

The engineers arc naturally very interested to know how strong 
a piece of material is. If a bridge is to be erected, a plan is made 
showing where every rod and girder is to go. Then comes the 
question, how big have these girders got to be? If they are made 
too big, the bridge will be very heavy and expensive and someone 
who can do it cheaper will get the contract; if too small, the 
bridge may break, lives may be lost and the reputation of the 
fir m may be ruined. So engineers must ascertain how much force 
their girders can stand before they break and then make sure they 
will never have more than about a quarter of this force to bear. 
The usual thing to do is to take test pieces of the actual steel used in 
the girders and see how many tons pull is needed to break them. 

The machinery used for the purpose is illustrated in Fig. 21. 
The piece of steel P is strained between two cross-heads C, C. 
The lower one (Q is slowly pulled down by an electric motor M 
(or handwheel) working a screw (L). The top one (Q is con- 




Fig. 21.— Testing machine. The test piece P supports the 
pull of the weight W multiplied bv X/Y. Y is a fixed 
distance. X is read off by a scale marked in tons. 
(Courtesy of Messrs. W. & T. Avery, Ltd.) 


nected to the beam of a large weighing machine, in principle 
like those used for weighing luggage at stations but of course 
more powerfal. This actually weighs the pull of the screw L 
on the test piece. The big weight W, is so heavy that it 
is moved along by gearing operated by a handwheel. A 
scale enables the user to read off the pull when the test piece breaks. 

For many purposes, engineers need a hard material and so 
they also require some way of telling how hard a thing is. Now 
hardness is not nearly as simple an idea as breaking strain; how 
are we to tell if glass is harder than rock crystal or gold harder 
than silver? The original test was to see which material scratched 
which. A diamond will scratch anything, a ruby won't scratch 
a diamond but will scratch steel, steel won't scratch ruby but will 
scratch copper, and so on. This test gives a notion as to which 
of two things is the harder; but it does not measure the hardness 
as a figure or number. A simple way is to number ten materials 
in order of hardness calling Diamond lo; Corundum (colourless 
ruby or sapphire), 9; Topaz, 8; Quartz (rock-crystal), 7; Felspar 
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(the big whitish crystals you see in polished granite), 6; Apatite, 5; 
Fluorspar (the ornamental “blue-john’' used for vases, etc.), 4; 
Calcitc (marble), 3; Gypsum (alabaster as used for the bowl- 
reflector electric fittings), 2; Talc (used for the fronts of stoves), i. 
Then, if the substance wc are testing (say steel) is scratched by 
rock-crystal but scratches felspar, we say its hardness is between 7 
and 6; and we call its hardness 6.5. A rough rule is that things of 
hardness i and 2 can be scratched with a finger-nail, 3, 4, 5, 6 with 


a knife, and 7 — 10 not with a 
form of the Brinell hardness 
ball into the metal to be tested 



Fig. 22. — Brinell hardness tester. The 
screw drives the ball into the test piece 
(black) until the force applied is enough 
to lift the weights. The ske of the dent 
in the test piece is then measured. 
(Courtesy of Messrs. W. & T. Avery, 
Ltd.) 


knife. Engineers often use a 
tester which forces a steel 
with a measured force. The 
width of the dent it makes is 
measured and the hardness is 
calculated from it. Fig. 22 
shows the machine. The ball 
is forced by a screw into the 
specimen (which is mounted 
on the platform of a weighing 
macliine) until the weights 
(W, W) lift, whicli happens 
at a pressure of 5000 kilo- 
grams (about 3 tons). 

This machine is used for 
metals, but of course is no 
good for things like glass. 
Glass is about as hard as 
ordinary steel, but if you try 
to dent it, it promptly breaks 
and you cannot get a measure- 
ment. 

Finally, the toughness of 
a material is most difficult to 
measure. Engineers often 
test the toughness of steel by 
finding out how many times 
it can be doubled on itself like 
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a folded foot-rule and straightened again without breaking. This 
is a very severe test and only a tough steel will stand it at all. 
Copper comes out of it very well. Things like stone arc not worth 
testing for toughness, because no one ever thinks of using them 
for a job where toughness is required. 


HEAT-EXPANSION OF SOLIDS 

The effect of heat on solids is tlie same as its effect on every- 
thing else — it speeds up their molecules. The first effect of this 
is to make the soUd expand — that is to say to make it become 
larger every way. The reason for the expansion is probably that 
the molecules move faster and as they vibrate to and fro they 
come nearer to their neighbours and repel them a little more. 
Every molecule gets a little further from the next and so the 
lattice becomes spaced out a little more widely. The effect is a 
very small one: as you know, you cannot see an iron poker 
getting longer and shorter as you put it in the fire and take it 
out again. 

Actually, if you took bars of different materials, each a hundred 
feet long, and measured them first on a day when it was just 
freezing (o® C,)and then again on a really hot summer day(30®C.), 
you would find the following differences: 


A bar loo feet long 
made of this material 

is this much longer on a hot summer 
day than a freezing winter one. 

Aluminium 

\ of an inch 

Copper 

f of an inch 

Cast iron 

^ of an inch 

Glass 

J of an inch 

Rock crystal 

of an inch 


The expansion is very small, but it is exceedingly powerful. 
Suppose we take a cube of iron with each edge an inch long and 
hold it between absolutely fixed supports so that it cannot expand 
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in any direction and then heat it from o® C. (temperature of ice) 
to loo ®C. (temperature of boiling water). The iron would expand 
by just about a thousandth of an inch if it was free. But, as we 
have fixed it, it can’t expand; so, in effect, we have compressed 
our hot piece of iron to of its length, and, if we measure the 

force needed to do this, we find it is no less than 55 tons 
weight. In other words, the iron cube would be straining to 
expand with a force equal to a weight of about thirty-five tons. 

We can see from this that solids expand very little, but (if 
they are strong and difficult to compress) very forcibly. Tliis 
expansion has to be taken account of in engineering work. If 
you have any big metal object of which the temperature is likely 
to alter, it is essential to give it room to expand and contract. 
A railway line may be as hot as 40® C. in summer: the line might 
be laid in winter when the temperature is (say) about 5° C. 
Steel expands about eleven-millionths of its length for each 
degree centigrade it is heated; so, on a hot day, a rail 60 feet 

long would be ^ ^ ^ inches (more than a quarter of 

1,000,000 

an inch) longer than when it was laid. Well, suppose the men had 
laid the rails so that each rail touched the next two. All the 
rails would get J inch longer and tlie force would make them 
bend like a bow. When the rail had lifted, so that its middle 
was six inches above the ground, it would be J inch longer 
and quite comfortable again, but the next train coming along 
would be wrecked! So railwaymen lay their rails with a gap of 
a quarter of an inch between each. Big bridges give even more 
trouble, for the steel girders used are far longer than railway 
lines. The girders of the Forth Bridge are mounted on rollers 
so that they can expand and contract (as much as a foot!) on hot 
and cold days. Steam pipes are a source of trouble too. When 
superheated steam is going through them, they are not much 
less than red-hot, but when the machine is not working, they 
are cold. You can’t put gaps in a steam pipe, so the engineers 
allow for expansion by putting in curved spring sections which 
arc easily bent. Very large pipes require great force to bend 
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them; in Plate I is shown a very large expansion joint made 
by Messrs. Aiton, Ltd, This is corrugated like a concertina to 
make it at once strong and springy. 

These are some of the troubles the expansion of solids makes: 
now for a few of its advantages. It gives us a good way of fixing 
a ting of metal round a disc of metal. As an example, take the 



flanged “tyres'^ on rail- 
way wheels. The tyres 
are made a little smaller 
than the centres they 
have to fit over and are 
then made hot. They 
expand, and the cold 
centre can be slipped in. 
When the wheel cools, 
they contract and grip it 
so that they will not 
come off again in a 
hurry! Fig. 25 shows 
how this is done. The 
process of ‘‘shrinking’’ 
one piece of metal over 
another is quite often 
used; the outer casings 
big guns are often 
shrunk over the inner 


Fig. Z3,— Fitting centre to railway tyte. 
(Courtesy of London, Midland and 
Scottish Ry. Co., Ltd.) 


ones. The disadvantage 
of the method is the 
tremendous strain it 


may put on the material. If the sizes of the two bits and 
their temperatures are not very carefully worked out it 
may well happen that the outer bit is nearly breaking with 
the pull. Consequently, the tyre of a railway wheel and the 
centre to fit it are most carefully machined so that the former 
is only larger than the latter by to icon of diameter of 
the wheel (say to inch). The amount of the expansion of 
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a solid can be used to measure how 
hot a thing is. The expansion of 
liquids is used in ordinary ther- 
mometers, but for a few kinds of 
thermometers the expansion of a 
piece of metal is used. Now a 
reasonable-sized bit of metal ex- 
pands so little for each degree that 
it is not easy to make any gadget 
which will enable us to see the 
change, but one rather useful trick 
has been thought of. Aluminium 
Fig. 24.— -A Rototherm bimetallic expands much more than iron, for 
5trir every degree their expaoaons are 

Strip. Theupperofthe two metals twenty-five mulionths and eleven 

when the strip is heated. (Courtesy ively. If we rivet a bit of alumin- 
of British Rototherm Co., Ltd.) ^ jjjj q£ as in Fig. 24 

(inset), and heat the strips, something will have to go. The alu- 
minium gets longer than the iron, but still has to touch it all the 
way along. The only way in which the strain can be relieved is 
by the aluminium bending over the iron. A little bit of geometry 
will show that a very small difference of length in the two metals 
will cause a biggish curve in the strip. Thermometers are now 
made from these bimetallic strips. The Rototherm type are very 
nearly as accurate as mercury thermometers and — as they read on 
a dial — much more convenient. Fig. 24 shows how the “bi- 
metallic” strips are mounted. The unequal expansion of the spiral 
strips can only be compensated by the spiral rolling up or un- 
rn llin g, SO moving the pointer. Modern incubators are worked 
much in this way. A strong bit of steel has a bit of aluminium 
riveted to it at each end only. When the two get warmer, the 
aluminium is too weak to bend the steel, so it rises up into an arc 
(just like the rail on p, 6i), The regulator is set so that as the 
incubator gets hotter the aluminium pushes up a lever and 
lets the hot air from the lamp go outside the incubator, which 
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Fig. 25. — ^lUustxating the principle of 
the regulating system of an incubator. 
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then gets cooler. If it gets 
too cool, the aluminium shrinks 
and falls and the lever and 
shutter make the hot iir all go 
into the incubator and warm 
it up. In this way the incubator 
is kept just at the right tem- 
perature. 

If you want to sec the expan- 
sion of a piece of metal, it isn’t 
too difficult. Get an iron rod 
(a kitchen poker will do), five 
bricks, a bit of broken glass, a knitting needle, a straw and a 
bit of sealing wax. Hold one end of the poker down with the 
bricks and under the other end put the needle with the bit of 

glass under it. Fasten the 
straw on to the needle witli 
a blob of hot sealing wax. 
Stand a bootbox behind it 
and mark the position of 
the end of the straw with a 
pencil. Now heat the poker 
with a blow lamp or a tin 
saucer of methylated spirit. 
It will expand about a 
hundredth of an inch. The 
needle will roll a hundredth 
of an inch, and this will 
move it about a twentieth of a complete turn, which again will 
turn the straw through two or three inches. For success, you 
want a rather smooth bar pressing hard on the needle. Brass is 
rather better than iron. 

And now take a flight of fiincy from straws and kitchen pokers 
to the great earth itself. The earth is hot inside. On the average 
a mine gets hotter by about i'’ F. for every hundred feet it 
descends. We sec hot springs coming from the earth. Volcanoes 



Fig, 26. — A simple way of demonstratmg the 
expansion of a solid when heated. 
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belch out glowing lava. As far as wc know there is not much 
heat being produced in the earth and as the inside is hotter than 
the outside, heat must be gently leaking out of it all the time. 
This and srgood many other reasons make us think that the earth is 
slowly cooling down. Now suppose the whole earth got cooler 
by one degree centigrade — not a great deal — and suppose it only 
contracted as much as a piece of glass would — a low estimate. 

The earth is 8000 miles in diameter. On our estimate it would 
decrease in ‘‘length’* by about eight millionths for each degree 

centigrade, so that its diameter would get - 

1,000,000 

yards or about a hundred and twelve yards less. WcU, if the 
earth shrank evenly, no one would notice it. But suppose, while 
the inside cooled, the outside which remains open to the sun 
and sky stayed at much the same temperature; from the fossil 
animals and plants found in ancient rocks, we know the tempera- 
ture cannot have altered much in many million years. The inside 
will have got smaller while tlie outside remained much the same 
size. The interior of the earth must fit the crust, so the outer 
crust crumples, and these crinkles have been thought to be 
mountain ranges like the Alps. The crumpling is better under- 
stood if you look at an old man’s face. The flesh has shrunk 
but the skin remains the same size, so it has to wrinkle. The 
mountain ranges of the earth were thought to be the wrinkles 
on its aged face. This theory is by some considered to be in- 
sufficient to account for mountain formation. For reasons, further 
written of in Chapter XXXIII, they are inclined to think that a 
gradual drifting of whole continents has raised the Alps and 
Himalaya. 


CONDUCTION OF HEAT 

We have already taken for granted the fact that solids conduct 
heat; that is to say, if you heat one bit, it passes its heat on to the 
next. It is obvious that this will be so. The molecules of the 
hot part arc moving quicker than the molecules of the cool part. 
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The speedy molecule will have more kinmc energy and will 
vibrate in wider swings and, therefore, will swing nearer the 
next molecules. It wiU attract and repel these and set them 
swinging mote strongly and itself less strongly and tWs will go 
on till every molecule is vibrating just a bit more briskly than 
before. The heat has spread evenly all over the solid. ^ol a 
comer of the solid: the molecules are slowed down. The quicker 
moving molecules of the rest of the solid repel and attract these 
and so speed them up again somewhat. To speed the others up, 
they must slow themselves down. All the molecules finally go 
a bit slower and the whole solid gets colder. 

This is fairly easy to understand, but the difficulty is to 
explain why some solids conduct heat much worse than others. 
You cannot hold a metal cup of freshly poured hot tea in your 
hand without wrapping it in a handkerchief: a bakelite cup can 
be held quite conibrtably. Why is it that the hot tea can pass 
on heat only very slowly through bakelite or earthenware and 
very quickly indeed through aluminium? The answer is that 
we are not sure. It is pretty certain that metals have some loose 
electrons in them: these, being very small, are speeded up very 
easily and run in between the pietal atoms, colliding with them 
and speeding them up. The trouble about this is that the 
electrons do not seem to be heavy enough to do the job. 

Another theory is that the motion of the atoms in a metal is 
not just handed from one atom of metal to the next, but that the 
whole metal is moved by the heat and the motion travels on like 
a wobble in jelly. Physicists are still arguing this with the help of 
horribly complicated mathematics. They find it pretty easy to show 
that none of the theories about conduction in metals is quite right, 
but they haven’t yet found out the whole truth of the matter. 

In engineering and ordinary domestic life, good conductors 
of heat — ^things that let heat through easily — and also bad 
conductors — things that let heat through only very slowly — are 
in demand. The best conductors of heat arc metals, so we use 
metal for pots and pans and boilers and radiators, all of which 
are things through which we want heat to go. Pots and pans are 
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also made of metal because metal does not crack when suddenly 
heated, whereas glass, china and many bad conductors do. If 
you pour boiling water into a thick tumbler, the inside of the 
tumbler expands at once. The outside is still cold and so the 
inside foms it to become larger. Glass does not stand forcing, 
so the molecules lose their grip of each other and the glass 
cracks. Very thin glass stands rapid cooling and heating because 
the inside is so near the outside that the heat gets through almost 
instantly: for this reason, chemical apparatus is made of thin 
glass. Metals do not crack in this way, first because the heat 
spreads and evens itself out so quickly, secondly because strains 
bend them rather than break them. 

In domestic jobs we need bad conductors to enclose things 
which we want to keep hot or cold. Ordinary solids like china, 
stone or glass are not very efficient; they do not let nearly as 
much heat through as metal does, but they still pass a good deal. 
The worst conductor of heat is a gas, if it is prevented in any 
way from moving about. Look at Figs, ii-iz. A given amount 
of gas has only about one molecule where the same volume of a 
solid has a thousand, and the gas molecules carry no more energy 
than those of the solid. Accordingly, a gas will not carry much 
heat. If a hot object stands in a gas, the hot gas flows up from 
it and new cold gas comes in from below. This cools it rather 
quickly; and so if we want to keep a thing hot, we surround it 
with a gas tangled up in a solid, and therefore unable to move 
far. If we pack a hot saucepan round with flannel or cotton 
wool or hay or crumpled newspaper, we are really packing it in 
the still air which these things entangle. “Hay-box’* cookery 
was a good deal practised in the war of 1914 — 1918, whenfuel was 
scarce. The food was heated to boiling and the saucepan was then 
put in a “nest** of hay and covered with a cloth, on top of which 
was more hay. The heat escaped so slowly that the food was 
cooked through before the water became too cool to cook it. 

Engineers are always trying to save heat. They spend good 
money on coal to turn water into steam to drive their engines 
and, since economical working is required, the heat must be used 



68 


The World of Scienct 

for power and not allowed to leak away into the air. So engineers 
cover up their boilers and pipes with something that does not 
conduct heat well. Things like cotton-wool or felt or flannel 
are inflammable, so they don’t use them but prefer asbestos 
fibre, which they mix with plaster of paris into a soft porous 
cement which can be packed round boilers, pipes or anything 
else. This non-conducting coating they call “lagging.” The 
most remarkable kind of lagging is crumpled aluminium foil, 
which most people call "silver paper.” The air-spaces in between 
the folds transmit hardly any heat. The aluminium itself is an 
excellent conductor, but the heat has to travel along its folds for 
such a long way and through such a very narrow passage, that 
hardly any gets away. 

Just as we use lagging to keep heat in things, we use it to 
keep heat out. If you want to keep ice from melting you wrap 
it in a blanket. A blanket stops your heat from getting out of 
the bed; it stops the air’s heat from getting in to the ice. Re- 
frigerators are usually packed round with some porous marpn al 
to keep the air’s heat out. One of the best things for keeping 
heat in or out is slag-wool— ve^ odd stuff. Slag is chiefly the 
part of the iron ore which isn’t iron; it comes out of the furnace 
as a molten liquid which solidifies to a kind of opaque glass. If 
a jet of air is blown through the molten slag, it cools, becomes 
treacly, and blows out into long threads which when cool look 
rather like wool. It is very cheap, light, and non-inflammable, 
moths and bugs won’t cat it, and it doesn’t go mouldy. It 
IS gready used for a non-conducting packing. The very worst 
conductor of heat is a vacuum. If a space was really empty of 
gas molecules (it is never quite so) there would be nothing to 
car^ the heat at all. A thermos flask is a double-walled vessel 
with a vacuum between the waUs. A hot liquid in a thermos 
flask would never cool if it were not that, first, a little heat goes 

foat^ IhlS secondly, 

JJeu^ other space; and thirdly, that even the best 

vacuum has a little gas left m it. 
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The silver on the thermos flask reflects most of the rays back 
into the liquid and emits very few of them. Consequently, the 
liquid in a thermos flask cools about twenty times as slowly as 
it would in an ordinary bottle. 

MELTING 

The first effect of heat on a solid, then, is to make it expand. 
But the speeding up of the molecules may have other effects too. 
The usual effect of heating a solid is to make it melt. The mole- 
cules vibrate more and more rapidly and in wider and wider arcs 
as the material gets hotter. After a time, they vibrate so violendy 
that they can no longer stay in the pattern of the lattice of the 
crystals of which the solid is made up and instead of a solid 
there appears a liquid. The solid is said to melt or fuse. 

Now, there are several odd things about melting. In the first 
place, a pure substance, like ice or soda, melts at an absolutely 
definite temperature. At a thousandth of a degree below o® C. 
ice is perfectly hard and solid; at a thousandth of a degree above 
0° C. it completely liquefies to water. It does not gradually 
soften like a candle in hot weather, but melts completely at one 
temperature. Thisis why we can speak of ‘‘freezing-point.*^ The 
temperature at which water freezes really is a point on the scale, 
not a range of two or three or more degrees. Of course aU this 
does not mean that as soon as the thermometer (which shows 
the air temperature) gets above freezing-point all the ice suddenly 
melts. It begins to melt as soon as the surrounding air rises above 
o® C. and begins to warm it up. The unmelted ice stays at or 
below freezing point; as the air heats each successive portion 
above freezing-point, it melts to water. 

Now it is common knowledge that many things do not melt 
as sharply as ice. Butter when warmed gets gradually sloppier 
and sloppier till it becomes liquid; it does not melt at any par- 
ticular temperature. The reason of this is (roughly speaking) that 
butter is a mixture of quite a number of different fats and oils, 
all of which melt at different temperatures; consequently the 
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lowest melting ones get liquid first; sloppy butter is a mixture 
of liquid and solid fats. The matter is complicated by the fart 
that the solid unmelted fats dissolve in the liquid melted ones 
as sugar dissolves in tea. The rule about melting points is that 
pure substances with only one kind of stuff in them melt suddenly 
and sharply as ice does. Substances made of several different 
materials usually melt gradually. The plumber takes advantage 
of this when he “wipes” a joint. A joint in a lead pipe (look in 
the bathroom) is made by putting the two ends together and 
wiping a pasty mass of half-melted plumber’s solder into a 
barrel-shaped lump around them. Now it would not be possible 
to use pure lead as a solder, for this is a thin liquid at 528° C. 
and quite solid at 327° C. Nor could tin be used, for this is 
liquid at 232® C. and solid at 231® C. But the wily plumber mixes 
equal parts of lead and tin. This metal, “plumber’s solder,” when 
melted begins to solidify at 220® C. and is not hard till it has 
cooled to 180® C; so that the plumber has lots of time to finish 
wiping the metal into shape before it hardens. 

The melting-point and freezing-point of a pure substance is 
the same. Water is solid ice below 0® C. and liquid water above 
o® C. At o® C. itself both ice and water can exist. Accordingly 
a mixture of ice and water stays exactly at o® C. If you try to 
warm it, it gets no hotter, for the heat is all used up in melting 
the ice; if you try to cool it, the heat which leaves the mixture 
is obtained by freezing some of the water. A mixture of ice and 
water is at a fixed temperature and if you want to test a ther- 
mometer you can stir crushed ice and a little water together for 
about ten minutes till they have had time to even up their tem- 
peratures. Your thermometer if stuck into this mixture should 
mark exactly o® C. or 32® F. 

A mixed substance like butter or solder has no true melting 
point. The best figure to take is the temperature when the latt 
bit of solid turns into liquid. 

Sohds melt a,t extremely different temperatures. The table 
which follows gives a chart of a few melting and boiling points. 

tatting at the bottom, we see helium. Helium atoms are very 



A SCALE OF TEMPERATURES. 


Temperature in 
Degrees. 

Centigrade. Fahrenheit. 


Melts. 

Boils. 

3800 

6872 


Carbon 


3600 

6512 



Carbon 

3500 

633* 

Arc Flame 



3360 

6080 


Tungsten 


2500 

433 * 

A Tungsten 





Lamp Filament 



2450 

4432 



Iron 

2400 

4330 

An Oxy- Acetylene 



2204 

4000 

Bessemer Furnace 



1935 

358Z 



Silver 

*735 

3190 


Platinum 


X750 

3180 

Carbon Lamp 





Filament 



1340 

2790 


Chromium 


1120 

2052 



Magnesium 

1062 

1944 


Gold 


961 

1762 


Silver 


903 

1660 



Zinc 

804 

1480 


Salt 


600 

1112 

A Bright Coal Fire 



443 

*33 



Sulphur 

419 

784 


Zinc 


337 

677 



Mercury 

3*7 

621 


Lead 


218 

400 



Naphthalene 

112 

239 

Hottest Room in 

Sulphur 




Turkish Bath 



100 

212 



Water 

63 

*43 


1 Beeswax 


*3 

60 

Average Room 



0 

32 


Ice 


-34 

“*9 



Chlorine 

~ 100 

- 148 

Coldest Siberia 



-118 

- 180 


Alcohol 





Freezes 


-.185 

-303 



Argon 

-218 

-361 


Oxygen 


-*33 

- 4*3 



Hydrogen 

- 272 

- 4 j 8 


Helium 


_ -273 

-459 

No Heat 




light in weight, and so the motion they derive from their heat- 
energy makes them go very fast. What is more, helium has a 
beautifully balanced atom with the positive nucleus almost 
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exactly centred in between its two outside electrons. Hje result 
is that one end of a heliiun atom is hardly at all more posiave 
or negative than the other and so one heliiun atom hardly 
the next at all. It follows that the helium atoms jostle about more 
rapidly than others and attract each other less. Consequently, 
there is very little to keep them in their lattice and the slightest 
heat motion jogs them out. Solid helium melts at the extra- 
ordinarily low temperature of -27a® C., less than one degree 
above the absolute zero where there is no heat — that is to say, 
every atom and molecule is motionless. Absolute zero has never 
been reached, and it does not seem that we shall ever do better 
than approach it more and more closely. The lowest temperatures 
have been reachedby utilising the fact that certain substances 


warmer when they are magnetised and become cooler again when 
Ae magnetic field is switched off. By cooling these substances 
in boiling helium while they are in the field of a ma g n n and 
then switching the magnet off, the temperature is madf to drop 
still further, and recently a new low record of only 0.005 — about 
one tluee-hundredth — of a degree above the temperature where 
there is no heat at all, has been reached. Turning to the other 
end of the melting-point table, we can sec carbon with small 
atoms closely bound together by electrons. We have already 
discussed the diamond on p. 48, so let us see why tungsten, the 
^ thing on the list, melts at such a tremendous temperature, 
^e reason is probably that, first its atoms are very heavy (46 
toes as heavy as a heUum atom) and are therefore not so much 
jogged about by heat; secondly, its atoms arc small and so 
get close togcAer and attract each other strongly; thirdly it has 
M unsymmetrical arrangement of electrons and so some parts 

whiA makes the atoms attrart each other; and finally that a piece 

not such a strongly built one. AU these reasons taken together 
show why tungsten melts at about 3560“ C, and also why it 
docs not release ite atoms and turn into vapour at all easily ‘nbis 
high meltmg-point and small tendency m turn into'^p^ 
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gives us our electric filament lamps. The hotter you make a thing, 
the less of the power you use to heat it comes out again as heat 
and the more comes out as light. An old-fashioned carbon fila- 
ment lamp had its filament at about 1750° C., a perceptibly 
^•yellow” heat. It turned 99.44% of its electricity into un- 
wanted heat and only 0.56% into light. The tungsten lamp with 
a filament at 2500® C. gives 1.84% of its energy as light and 
98.16% as heat. There is still room for improvement! 

You will say that carbon melts at 5800® C. while tungsten melts 
at only 3360® C., why not therefore heat the carbon filament say 
to 3500® C? The reason is, that the carbon atom is Eght and 
though carbon will not melt, its atoms fly off as vapour at tempera- 
tures above about 1800® C. If a loo-volt carbon lamp is put on 
a 220-volt circuit, the temperature of the filament goes above 
2000® C. It gives a brilliant light and (if the fuse does not blow 
first) the filament evaporates, depositing black carbon on the 
glass. As it evaporates it gets thinner and in ten minutes or so 
breaks. Tungsten filaments, particularly in lamps filled with 
some gas like argon (which does not affect tungsten) hardly 
evaporate at all. If anyone could find a lamp which turned all 
the electrical energy put into it into visible light, it would divide 
everybody’s lighting bill by 55. He would make a gigantic 
fortune into the bargain, A few very efficient lamps have been 
made, but they all give light of a horrid colour. In the mercury- 
vapour arc lamp, the current passes through a glass tube full 
of mercury vapour and makes it glow with a dazzling blue-green 
light which makes everyone’s face look a revolting and deathly 
colour. It gives four times as much light for the money as a 
filament lamp, but it cannot be used for interior lighting. Many 
arterial roads, railway stations, etc., are lighted by it. The dis- 
charge-lamps (fluorescent-tubes) which give white or nearly 
white light are by no means so efficient, though more so than 
filament lamps. (Electric lamps are discussed in Chaper XV.) 

Tungsten is rather rare and expensive to make. If we want to 
make large things, such as furnace linings, which will stand high 
temperatures without melting, we use fireclay, which docs not 
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melt below 1500° C.-ncar the melting-point of nickel For 
higher temperatures still, we line furnaces with blocks of car- 
borundum (silicon carbide) which will stand 2000“ C. or more. 
Carbon itself (as charcoal, coke or gas carbon) would be a perfect 
material for furnaces, for it is cheap and impossible to melt m any 
furnace. The trouble is that it bums away very quickly and it can 
only be used in a few electric furnaces where air can be kept out. 


CASTINGS 

Metals melt at all sorts of different temperatures and one of 
the chief ways they ate worked into shape is by casting them. 
Not every kind of metal is suitable for casting. Some like nickel 
flow rather sluggishly and do not fill the mould well, some like 

platinum or pure soft iron need 
too high a temperature to melt 
them. Both pure metals and alloys 
— mixtures of metals — are used for 
castings. Of pure metals, that 
which is most used for casting 
lead — employed for ornamental 
gutters and cisterns and small 
statues and also for apparatus used 
for chemical work. Very big cast- 
ings are not made of lead because it 
is rather heavy, rather expensive, and so soft that it bends with 
its own weight. 

Aluminium is very widely used. It melts at 657® C. and so is 
easy to cast. It is so light that it is very much used where neither 
great strength nor great cheapness is more important than 
lightness. Alumimum is cast into crank-cases for motor cars; 
it is also used as sheets for motor car bodies and also very greatly 
for aeroplane parts. 

Copper is not much used as castings, but is chiefly employed 
as sheet or wire. Pure iron melts at such a high temperature that 



Fig. 27. — K section of a mould 
arranged for the casting of a 
flanged pipe. (Courtesy, American 
Technical Society, Chicago.) 
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it is never cast — ^wrought iron is always forged, for casting would 
destroy the fibres (p. 54) which make it so tough. Cast iron and 
mild steel are the two metals most used for castings. Supposing 
a man wants to have a number of flanged pipes of a particular 
pattern made in cast-iron. He makes exact drawings of them and 
sends them to a pattern maker, who cuts out a full-sized model 
of the pipe in wood. The pattern goes to the moulders, who 
make a mould of the pipe by ramming round it a particular kind 
of sand containing some clay and often also some flour or 
treacle to make it bind. The mould is made in two halves which, 
fitted together, leave a hollow the exact shape of the pattern. 
The hollow centre of the pipe is arranged for, by a “core,’’ a 
cylinder of sand mixed with a little flour and baked hard. The 
whole thing is set up as shown in Fig. 27. A hole is left through 
which the molten metal is poured and several air holes are left 
to allow air and steam to get away. It is usual to pour in a little 
more metal than is needed and the projecting piece this leaves has 
to be cut off. The casting, when the mould is taken off, is rather 
rough. If the metal is to be painted, it may be smooth enough; 
if not, it is machined, that is to say turned to true and even 
shape by a lathe or milling-machine. 

Cast iron has the great advantage of expanding when it 
solidifies. The solid iron just after it has set is a tiny bit larger 
than the mould and so it forces itself into the smallest crevices 
and gives a very faithful impression. There are not many other 
metals which do this; the most important one is the rather odd 
metal antimony. You probably know the Japanese cigarette 
boxes of a grey silvery metal, cast with elaborate dragons and 
so on, in high relief. These are made of antimony. Antimony 
itself is of very little use except for making ornaments because, 
unlike most metals, it is brittle and a good knock cracks a casting 
in half. But, if we mix, say, 30% antimony with 55% lead 
and 15% tin, a white metal is obtained which is quite hard, 
melts to a very thin liquid and — like antimony itself— expands 
when it solidifies. This alloy is called type-metal and it is used 
for casting the types from which this and all other books are 
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printed. It takes such a fine impression, that a piece the size of 
a capital E in this book, bearing an impression of the whole of 
the Lord’s Prayer, can be cast from a mould. 

SUBLIMATION 

Besides melting, there are two other things that can happen 
to a solid when it is heated. Instead of the molecules speeding 
up till they strike each other and knock down the regular pattern 
of the atoms of the solid, they may speed up until the attraction 
of the neighbouring molecules wiU not hold the outside molecules 
in their places. 

If you look at Fig. 28 you will see that the outlying molecules at 

the surface of a solid are 
attracted by fewer molecules 
than attract those in the 
middle of the solid. If 
these outer ones waggle hard 
enough, they may pull them- 
selves out of range of the 
attraction of the others and 
sail away. 

Not many substances turn 
into vapour like this before they melt; the best known ones 
are sal-ammoniac and white arsenic. Camphor and iodine 
too turn into vapour very easily. If the vapour is allowed 
to get cold, it turns back into the solid, which often forms 
glittering crystals. This gives us a very good way of purifying 
these things. If sal-ammoniac is mixed with any sort of dirt 
which does not turn into vapour, we can put it in a covered 
pot and heat it up. The sal-ammoniac turns into vapour and 
leaves the dirt behind in the pot. When the vapour touches 
the cold lid, it turns back to a mass of pure white sal-ammoniac 
crystals. If you want to try a subUmation, put a little sal-ammoniac 
in a shallow round tin and stand tliis on a low gas-flame. The 
sal-ammoniac will soon give out a dense white smoke. Put a 
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saucer of water on the top of the tin, and the vapour will solidify 
(“condense”) on the saucer as a solid white cake. If you try this 
with camphor, use only a tiny flame, for camphor is inflammable. 


DECOMPOSITION BY HEAT 


There is one more possibility when a solid is heated. Its mole- 
cules may not stand the violent vibration and may split up into 
atoms or smaller molecules. 

A model of the molecule of glucose (a very useful kind of 
sugar) is drawn in Fig. 29 magnified about sixty million times. 
You can see it is made of six carbon atoms (black balls), twelve 
hydrogen atoms (white balls), some of which are out of sight at 
the back, and six oxygen atoms (grey balls). Of course, as was 
explained on p. 27, you could not possibly su the atoms, but 
the model shows you the shape and size and how the atoms are 
put together. 

This big molecule is not made for shaking about. When 
glucose is heated, it melts; the 
liquid when made still hotter becomes 
brown and then black and finally 
emits quantities of steam and leaves 
a black cindery mass of charcoal 
(carbon). What has happened is that 
the molecule has been shaken to bits: 
the hydrogen atoms and oxygen atoms 
have struck up partnerships and gone 
off as steam molecules, and the carbon 
Fig. 29.— a model of a glucose atoms have been left behind probably 

molecule, imgnified about linked together in a vague sort of 

of Messrs. Edward Arnold honeycomb pattern. Now glucose 

and Prof. Haworth, from the melts at 146° C. and later “decom- 

latters ConsUtuUon of the , . . ,1 . 

Sugars. poses as the chemists call it. 

But cellulose, the . stuff in the 
cotton fibre, has a molecule like some 150 glucose molecules 
strung together. Cellulose cannot melt. Its molecule, a fiftieth 
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part of wliich appears in Fig. 570, is far too large to jostle about 
in the flippant style suitable to a glucose molecule. So, when we 
heat cotton, it does not melt or turn into vapour but just decom- 
poses. It goes brown, then black, and its molecules turn into a 
whole selection of smaller molecules with unpleasant smoky 
smells and leaves behind some carbon. Most substances with very 
big molecules do this. Wool, silk, the “keratin” of our hair and 
toenails, “albumen” of white of egg, all when heated turn brown 
and break up into simpler things, but do not m ^ l t or 
boil. 

You often hear people talk about sugar melting in tea or soda 
melting in water. This, to the scientist’s way of thinking, is 
incorrect. He keeps the word “melting” for a solid turning 
into a liquid when heated. He calls the thing which happens 
when a solid is mixed with a hquid and disappears into it “dis- 
solving.” Dissolving is quite a remarkable business and it is 
discussed on pp. 82-86, 
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Microphotograph of droplets of mercury ( 50). Note that thev are exactly 

si>luncal. 'I’he black strip is a human hair to indicate the si/e ol the droplets, 
(From a photograph by Mr I'. Welch.) 



Steel containing 1.5% carbon heated to 1,000 C. and quenched in iced water, 
showing crystals of compounds of iron and carbon ( i,ooo). (By cemrtesy 
ol Messrs. Charles Griffin & Company, Ltd., from Roberts- Austen’s 
Introduction to the Study of Metaf/urj^y.) 
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Liquids 

THE FLUID STATE 

T he obvious difference between a solid and a liquid is that 
a solid resists attempts to change either its shape or its size, 
while a liquid only resists attempts to change its size. Try and 
push a well-fitting cork into a completely full bottle of water 
and you will quickly see that any attempt to make a liquid smaller 
in bulk will need a great deal of force; but the lightest touch of 
a hair is enough to move it through the water, so changing the 
water’s shape. Mind you, a liquid will not change its shape 
instantaneously. Dive flat off the 1 8-foot platform and you will 
at once see that water puts up a vigorous temporary resistance 
to an attempt to change its shape. But no liquid puts up a 
permanent resistance to a distorting force. Even a thick liquid 
like treacle will yield to the weight of the tiniest grain of sand 
and let it sink to the bottom in the course of minutes or hours. 
The reason of this is fairly obvious. A liquid, as we know, is a 
crowd of random jostling molecules: if anything presses steadily 
in one direction, however gently, it will elbow its way through 
the press. 

It is because the molecules in a liquid are moving that two 
liquids can mix. One of the first facts which struck the ancient 
scientific men of Greece as odd was that wine and water could be 
mixed. If a pint of wine and a pint of water were stirred together, 
the wine and the water each seemed to occupy the whole quart. 
This was one of the first reasons for believing things were made 
of tiny particles — atoms or molecules. Anyone could sec that a 
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pint of peas and a pint of beans can be mixed, so it was namr a) 
to suppose that other things which could be mixed — ^such as 
wine and water — were also made of little separate bits. 

DIFFUSION 



It was not found out till a good deal later that two liquids 
will mix even if they are not stirred. Suppose you put a bottle 
of motor-oil in a jam jar, carefully filled this up with petrol, 
put a screw-cap on to stop it evaporating, and 
kept the whole thing in a cellar where no differ- 
ences of warmth could cause currents in the 
liquids and thus make them mix. The oil is 
heavier than the petrol; one might think it would 
stay in its bottle. Not at all. Very, very slowly 
the oil finds its way into the petrol and tlie 
petrol into the oil, until in about a year the 
> whole thing becomes the same all through, a 
Fig. s^Ulustra- Perfectly even mixture of oil and petrol. 

ofoneliqiJidiwo spontaneous mixing is called 

another against If wc think of the petrol as a sct of aim- 

molecules and the oil as a set 
of aimlessly moving oil molecules, neither of 
which has any stronger attraction for their own kind of mole- 

i 

)ust as a crowd of dogs with white collars let go at one end of a 

SfasS':;'thr:tiS ei^ ^ 

cal^oS ^Wch attract 
Now moTen r 

different electric rV. ^ other (because one side has a 

lumbeSifS ^ from the other side), and petrol molecules, 

if a water^^l by water-molecules. Accordingly, 

ecu c egins to go into the petrol, nothing pulls 
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it on and the other water molecules pull it back. So water will 
not mix with petrol. 

Now suppose both liquids had molecules which attracted each 
other. Imagine we had put water in the inner bottle and alcohol 
outside. A water molecule venturing out would be pulled back 
by its fellows but pulled on by the alcohol molecules, with the 
result that its motion woxild carry it on and it would wander 
off into the alcohol. Thus they would mix. The rule then is: 

If liquids A and B have molecules which attract their own 
kind and the other kind but feebly, they mix. 

If liquids A and B have molecules which attract their own 
kind and the other kind strongly, they mix. 

If either liquid A or B has molecules which attract thek own 
kind much more strongly than the other kind, they do not mix. 

You might think from this, since oil and water form two layers 
which won^t mix, we might put together a dozen different liquids 
each of which preferred its own molecules to any others and get 
a vessel with a dozen different layers of liquid like a pile of 
biscuits. Well, we can^t. The best that can be done is four 
liquids that will not mix*, and you can do that yourself. Take an 
ounce each of petrol and water in a corked medicine bottle and 
add crystals of carbolic acid (phenol) a little at a time until, 
after shaking, the liquid settles into three layers. Pour in a little 
mercury, if you have it, and you will have four liquids, the top 
one petrol, the second water with a certain amount of phenol 
and a little petrol dissolved in it, the third liquid phenol with a 
little water and petrol dissolved in it, and the fourth mercury. 
Cork the bottle and shake it till the whole thing looks like a 
single milky liquid, and the separate droplets cannot be seen. 
Leave it a few hours and the four layers will sort themselves out 
again! (Plate V.) There are three main classes of liquid from the 
point of view of mixing. 

The first contains the all-important water, and some less 
important liquids like prussic acid. These all mix with each other, 
for they attract both their own and other molecules rather strongly. 

The second class contains liquids like petrol, chloroform, 

* A case of five immiscible liquids is reported in Nafure, CXXVII, p. 91, made 
by mixing, in this order, hexane (la c.c.), aniline (7 c.c.), oleic acid (0.5 c.c.)* alcohol 
(1.5 C.C.), aaueous solution of sodium hydrate (3 2 g. per litre, 10 c.c.), and mercury. 
The alcohol is not essential, but it reduces the time pf separation. 
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ether, benzol, oils, etc. These all mix with each other because 
they neither attract their own molecules nor any other liquids 
with any vigour. 

But the first class will not mix with the second. A few liquids 
can mix with both classes: these have molecules with moderate 
attractions for each other: alcohol and glycerine are good 
examples. 

In the third class are liquid metals. Mercury will not mix with 
any liquid except a molten metal. Some molten metals will not 
mix. If you melt some lead and zinc together and let the liquid 
cool slowly, the zinc will all float to the top and the lead will go 
to the bottom. On the other hand, gold and silver, or copper 
and zinc, mix perfectly. 


SOLUTIONS 

Something of the same notion applies to the dissolving of a 
solid in a liquid. Everyone knows that if you put a piece of 
sugar in a glass of water and stir it, the sugar disappears. It is 
still there, however, because the liquid weighs as much as the 
sugar and water did before, because it tastes like sugar and 
because, if we let the water dry up, the solid sugar is left behind. 
Everyone also knows that if you drop into water a piece of flint 
or wax, it will stay there for ever without any change. If we had 
a glass of petrol, the sugar would not dissolve — ^most motorists 
ow of the dirty trick of putting a car out of order by putting 
sugar in the petrol tank in order to choke the jets. On the other 
hand, the wax would dissolve easily. If we imagine (and it is 
true in a certain sense) that solids turn into liquids when they 
dissolve we find that much the same rules as apply to the mixing 
o qui s apply to the dissolving of solids. There are the same 
three classes: first, water which dissolves ‘‘salts*’ (compounds of 
like soda, table-salt, copper sulphate, Epsom 

S ““y which have in 

thcif molecules some group of atoms which attracts water- 
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molecules (caustic soda, cane sugar, glucose, gums, white of 
egg)- 

The second class of liquids — ^things like petrol, ether or benzol 
— do not dissolve the above things at all, but they do dissolve 
things like waxes, naphthalene, camphor, sulphur, which water 
docs not dissolve at all. 

In the third class is mercury, which dissolves almost all metals, 
but nothing else. 

The dissolving of solids and mixing of liquids is of course of 
tremendous importance. To start with, we couldn’t live without 
it. We convert all our food into simple substances which 
dissolve or mix with the blood which carries them to the part 
of the body where they are wanted. The whole working of the 
tiny cells of which the body is made up is an affair of solutions. 
The most perfect way of mixing two things is to dissolve them 
in the same lot of liquid, and chemists, who are always making 
new things by making something influence something else, almost 
always dissolve the things which they want to affect each other 
in the same lot of liquid. A very homely example is found in 
Fruit Salts. These are a mixture of a harmless acid (say tartaric 
acid) with sodium bicarbonate and something with medicinal 
properties, say, magnesium sulphate. Now a bit of solid tartaric 
acid, however tiny, is made up of tartaric acid molecules all 
arranged in a regular pattern. Sodium bicarbonate is also a 
regular arrangement of sodium, hydrogen, carbon and oxygen 
atoms. These also stick firmly together in their lattice and so 
the tartaric add molecules and sodium bicarbonate molecules 
remain separate and cannot touch each other. Two grains in a 
powder never really touch: there is always a film of air keeping 
them apart and so they do not affect each other unless they turn 
into liquid or vapour. 

Now stir the fruit-salt into water; the tartaric add molecules 
are attracted out of thdr lattices by the water molecules and so 
are the sodium bicarbonate molecules. They all move freely 
about among the water-molecules and very soon meet and 
collide. The two molecules then re-assort their atoms and 
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produce a molecule of a new substance, sodium tartrate, which 
remains dissolved in the water, and a molecule of the carbon 
dioxide. Water-molecules do not attract carbon dioxide mole- 
cules much; so they go off, meet their fellows and appear as 
bubbles of gas. In the same sort of way, thousands of kinds of 
stuff, which do not affect each other while solid, produce all sorts 
of new when they are mixed as liquids (i.e., either 

dissolved or melted), or as gases or vapours, the molecules of 
which, like those of liquids, continually collide. 

Another use of solutions is to give an easy way of measuring 
very quantities accurately. A doctor wants to put one two- 
thousandth of a gram of the very poisonous atropine in an eye. 
Now it is not easy to weigh out * gram (it is about a 

hundredth of the weight of a drop of water), so he weighs out 
a gram of atropine and dissolves it in loo c.c. of water and stirs 
it well to mix it. Now, he knows that 20 drops of water make up 
I C.C.; his gram of atropine is evenly distributed over 2000 drops, 
so each drop gives him ^ gram. Drops are not quite 

the same size, but even if the eye got two drops instead of one, 
it would not be perceptibly the worse. 

Finally, by dissolving a thing in a liquid we easily separate it 
from the things that do not dissolve, and this is the chief method 
that the chemist uses to separate the drugs he requires from the 
crude materials which contain them. 

Take as an example the substance caffein, used in headache 
powders, etc. Tea contains about 4% of caffein, and so we make 
the drag from tea-dust, which has no value for drinking pur- 
poses. This tea-dust is boiled with alcohol. This dissolves the 
caffein and also the tannin — the stuff which gives “stewed” tea 
its harsh taste — but leaves the fibre of the leaf behind. Next, 
we strain off the alcohol with the caffein and tannin in it and add 
to it a chemical — lead acetate — ^which turns the tannin into 
something which will not dissolve in alcohol, and which therefore 
appears as a solid “precipitate” or mud. The muddy liquid is 
filtered ^i.e., strained through a sort of fine blotting paper — ^and 
a solution of caffein in alcohol is left. This is evaporated and as 
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the alcohol departs the cafFein turns into crystals. These crystals 
are not quite pure, so we treat them as alum was treated on 
p. 40. We dissolve them in a little boiling water and let the water 
cool. The water when cold dissolves hardly any caffein, which 
therefore comes out as crystals. The impurities remain dis- 
solved in the water. This process is a very common one for 
making chemicals from plants. Quinine is extracted from 
cinchona-bark and morphine from opium, by variations of this 
process. 

Finally, almost everything is cleaned by dissolving out the 
dirt or the sticky or greasy stuff that holds the dirt on. If the 
dirt is just adhering to the material, any liquid will wash it away 
by friction, but it often sticks to a patch of grease or a sticky 
(sugary) patch. If grease holds the dirt, petrol or much better a 
non-inflammable liquid of the same class as grease will dissolve 
it away (chloroform or carbon tetrachloride will do very well: 
“Thawpit” is a liquid of this type). If sugar sticks the dirt on, 
petrol is useless and water is the thing. The use of soap as a 
cleaner is discussed on p. 631. 

An odd thing about dissolving a solid in a liquid is that you 
can only dissolve so much and no more in a given quantity of 
liquid. Thus a pint of water at the temperature of a very hot 
bath (112® F.) dissolves four and a quarter pounds of sugar and 
no more; a pint of cold water (50° F.) will dissolve only two pounds 
five ounces. 

The reason seems to be that a solid substance dissolves because 
the water molecules pull the molecules out of the lattice more 
rapidly than the molecules left in the lattice pull the dissolved 
molecules back. But when there is a good deal of solid in the 
water, the water molecules attract it instead of attracting fresh 
solid molecules from the crystal, so the attraction on the un- 
dissolved solid gets weaker and weaker; and when the solution 
has a certain proportion of solid in it, the crystal pulls the mole- 
cules in from the liquid as fast as the water pulls them out of 
the crystal and so no more dissolves. We then say the solution 
is saturated. Suppose we heat this solution and solid. The solid 



gg The '^orld of Science 

molecules in the crystal vibrate more quickly and more widely, 
accordingly, they travel further from each other’s attraction and 
are more easily pulled out by the water molecules; consequently, 
more solid dissolves. It is almost always true that more solid 
can be dissolved in a hot liquid than in a cold one. The ex- 
ceptions are not one case in ten thousand and probably have 
some quite sensible explanation. 

If we cool a saturated solution, the water cannot retain all the 
solid against the pull of the molecules in the crystal. The mole- 
cules go to the crystal lattice and the crystals grow. Suppose, 
however, there isn’t a crystal there to pull, but just a saturated 
solution. Very often crystals appear on cooling it, probably 
because molecules of solid happen to meet, and form a tiny 
crystal which then grows. Sometimes, however, no crystals appear, 
and the cold liquid is then said to be supersaturated, by which 
we mean that it is a ftir stronger solution than we could have 
made by dissolving the solid in the cold waterl A good ex- 
periment is to take some hypo and just wet it. Put it in a tumbler 
stand this in hot water, and stir it until all die solid has gone. 
Then pour it while hot into a clean warm tumbler, covet it 
with a sheet of paper and let it cool. Don’t disturb it. If all 
goes well, no crystals appear. Now tie a piece of solid hypo 
to a piece of cotton. Dip it for a moment in water and Aen 
lower it into the cold ‘supersaturated’ solution of hypo. In- 
stantly it will begin to grow, and long spiky crystals will grow 
out from it every way. Pull it out, and the liquid will stay liquid 
as before. This experiment is not very easy, but is worth doing, 
for it shows what is meant by a supersaturated solution and 
also gives the vividest example possible of the way a crystal 
grows. 

People have written large books about solutions: but we have 
all Science to glance at, and must return to the peculiar ways in 
which liquids behave. 
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LIQUID SURFACES 

One of the first and most obvious properties of a liquid is 
that it has a level and flat surface. This is not really quite true, 
A rather more accurate way of speaking is to say that a liquid’s 
surface is so arranged that it is at right angles to the force pulling 
on the liquid. If the only force affecting the liquid is gravitation, 
which pulls toward the centre of the earth, the surface of the 
liquid will everywhere be at right angles to a line drawn from it to 
the centre of the earth: a little thought will show that the surface of 
a liquid will be a bit of a sphere of the same size as the eardi. Weil, 
that is flat enough for ordinary purposes. Consider a swimming 
bath which is 50 yards square. The centre of this is one six- 
hundredth of an inch higher than the edges — not a very great 
difference from complete flatness. The fact that the surface of a 
liquid is level has been used for a good many purposes. In 



engineering jobs, it is often required to make a road or a railway 
track or some other object flat and level. The oldest instrument of 
this kind (actually used by the Romans) was a ‘‘water-level.” It 
was a long tube such as is illustrated in Fig, 31. If one plants a 
stick and looks along the two water surfaces and sees them in line 
with a mark on the stick at the same height as the instrument, then 
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Fig. 32. — Use of mercury as an artificial bomon. 


the bottom of the stick must be level with the place where Ait 
“water-lever’ is standing. As a second example may be taken the 
use of mercury as an “artificial horizon.” In surveying, it is 
required to measure (usually with a sextant) the angle between the 
sun and the horizon at a known time. The true horizon, the 
edge of the field of view one would have if the earth were quite 
flat, is usually invisible on land owing to trees or hills. But 
if one measures the angle, S^AR, between the sun and its reflection 
in the level surface of mercury (which would, if continued 
indefinitely, cut the horizon), it is easy to see from the figure that 
this angle must be exactly twice the angle, SBH, between the sun 
and the horizon. 

The reason why water is level is pretty clear. Suppose one 
bit was higher than another. Then, underneath it there would be 
a bigger pressure than in the part of the liquid next door to it. 
The higher pressure liquid would push the lower pressure liquid 
away and would come down in doing so. This would only stop 
when no part of the liquid was higher than another, i.c., when it 
was level againl Another simpler way of looking at it is this. 
Suppose the liquid was not level. Then, however slight die 
slope was, the molecules would run down hill till they filled up 
the hollows. But water surfaces arc not always level. Look at 
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the edge of the water where it 
meets the side of your teacup: 
look at a drop of water on a greasy 
plate: look at the sea: look at 
tea climbing up a lump of sugar. 
Well, in all of these cases 
another force beside gravitation 
is influencing the water, which 
gets into the position where its 
surface would be at right angles 
to a force equal to all the forces on 
it. Stir your tea. Its surfece goes 
into a shape like that in Fig. 35. 
The “centrifugal” force (p. 165) pulls the tea sideways. Gravita- 
tion pulls it down and the two forces are equal to cue force 
pulling at a certain angle between them. The liquid sets itself 
at right angles to this cue force. 



Pig. 33. — ^Fomi taken by tea 
rotating in a tea-cup. The curve 
is a paraboloid. 


viscosm 

While liquids will always yield to a force which tries to change 
their shape, some liquids yield much more easily than others. 
Suppose we fill 7 tall jars with ether, petrol, water, paraffin-oil, 
olive oil and glycerine and “soUd” pitch respectively, and drop a 
steel ball (say a bicycle bearing) into each. If it takes a second 
to reach the bottom of the jar of water, it will take only a third of a 
second to drop through the ether and a trifle longer to fall 
through the petrol. It will reach the bottom of the paraffin-oil 
in two and three-eighth seconds, of the oUve oil in eighty seconds, 
of the glycerine in twelve and a half minutes, and of the pitch^ in 
about 10,000 years. 

We describe the difference by saying that ether and water arc 
less viscous than glycerine and pitch. A very viscous liquid is what 
we call a “thick” liquid and a slightly viscous liquid is what we 
call a thin one. It is important to know the viscosity of an oil 

^ Pitch Yaries a great deal in viscosity* 
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which is to be used for lubricating. For watches ana delicate 
machinery, a thin oil is wanted: for heavy machinery and for 
lubricating surfaces on which great pressure is to be put, a more 
viscous oil is needed. As a matter of fact, it is not by any means 
only the viscosity of an oil that makes it a good lubricant. Gly- 
cerine and castor oil are just about equally viscous, but glycerine 
is of very little use as a lubricant, while castor oil is excellent. The 
quality needed in a lubricant is the power of forming a film 
which sticks firmly to the metal of the bearings and which is 
not easily broken, and it would seem that the molecules of the best 
lubricants are attracted by metal surfaces in this way. All oils 
have long molecules and these perhaps get tangled together and 
arc not easily forced apart by pressure. 

One of the easiest ways to measure viscosity is to let the liquids 
(at a known temperature) flow out through a long fine tube: the 
longer it takes for, say, lo cc. to flow out, the greater the viscosity. 
Hot liquids are much less viscous than cold. Six pints of boiling 
water will leak through a given hole in the same time as one pint 
of cold water. For this reason, a leaky car-radiator loses far more 
water when hot than when cold. 


SURFACE TENSION 


One of the most interesting things about a liquid is the way it 
behaves as if it was covered with a stretched elastic skin There is 

really such a skin on the 
surface of a liquid, but it is 
made of the liquid itself. 
Think of a molecule of 
water in the middle of a 
drop of water. There are 
molecules above it, below 
it, and on every side of it. 
Their attra^ons are all 
therdFote behave like an cImJS Piquing on the molecule in 

different directions, and ac- 
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cordingly the pulls all cancel out and the molecule goes where it 
likes. But, at the surface of the drop, the molecule is pulled by 
other molecules inside the liquid and at the surface and on each 
side of it, but by none outside the liquid. It follows, then, that the 
surface of the liquid is being pulled sideways and inward exactly 
like a piece of the stretched rubber of a toy balloon. The surface 
molecules cannot relieve the pull by going inwards because 
there must be some at the surface, nor by going sideways because, 
wherever they go on the surface, there will be just a$ many 
neighbours to pull themi 

So we can think of every liquid as having a “surface tension’* 
in consequence of which it behaves as if it was covered by a fine 
rubber membrane. It is not very difficult to show this is true. A 
steady hand will float a needle on water. The weight of the 
needle is not enough to force the surface molecules apart and let 
the needle through. Some insects make a living by surface 
tension; the whirligig beetles which rush merrily in circles on 
the surface of ponds can walk safely on the surface of the water 
without danger of putting a foot through. But a rather bigger 
insect is in great danger from water. Let it once put a foot 
through that treacherous skin and it will not get it out. It cannot 
break the invisible film of tugging molecules which clings to the 
wet leg. Its struggles break the film in other places and the dead 
insects floating on any pool tell the story. Some things are easily 
wetted by water (presumably because their molecules attract 
water molecules). Other things like oils and waxes are not. If 
water is scattered on a greasy surface, it does not wet it: the 
elastic film contracting makes the water drop’s surface as small as 
possible, while the weight of the water pulls it as near the earth 
as possible. A compromise is reached by making a sort of bun- 
shaped drop. Mercury does not wet anything except metals, so 
when it falls it always forms drops. It has a very powerful 
surface tension, so these, if small and light, are almost perfect 
spheres. Plate III shows a microphotograph of mercury drops 
made by pressing a bigger drop with a finger tip. A hair is 
put beside the droplets to show their size. 
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For the same reason, small bubbles are spherical. No one ever 
saw a square bubble, but very few of us ever wonder why they are 
round. The outside of a bubble under water is a surface aim: a 
soap bubble has two such films. These films try to contract and 
get as small as possible, and so they mould the gas within them 
into the shape which has the smallest surface for its size. Large 
bubbles under water are bun-shaped because the pressure of 
water on the bottom of them is greater than the pressure on the top. 

Another striking way of showing this surface tension is to miT 
alcohol and water until a liquid is obtained which is just as heavy 
as the same bulk of olive oil. Olive oil will not float or stnlr in 
this. If olive oil is gently run into this liquid through a fine tube, 
it stays suspended in die liquid, neither floating nor sinking. 
The tension of its surface molecules, then, has no other force to 
disturb its action and the oil forms a great golden transparent 
and perfectly spherical drop. This e:q)eriment and many others 
were performed under the direction of J. A. F. Plateau in 1873. 
He never saw them, for he went blind mote than thirty years 
before. The falling drop in Plate IV, is made of a mixture of 
aniline and benzene. It is just heavier than water and so falls, 
flattening itself slightly, but still forming a huge drop about an 
inch in diameter. 


Liquids vary a great deal in surface tension and there are many 
ways of measuring this. We can measure the pull needed to bring 
a strip of metal out of the liquid: more easily we ran measure the 
size of the drops the Uquid forms when it falls from a jet. A 
Uqmd with high surface tension can hold a bigger drop together 
on Ae end of a tube than can a liquid with small surface tension, 
h the drops are weighed, the surface tension can be ra1rnlatf>d 
The easiest way of aU is to see how far the liquid will run up a very 
narrow ^be- but more about this later. The surface tensions of 
thousands of liquids have been measured. Water has a rather 
strongly pi^g film—about three times as strong as alcohol— 
ut the really exceptional case is mercury, the surface tension of 

iSrt This is why 

mercury so easily forms globules and also why it is almost 
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Impossible to get a bubble of mercury — ^the pull breaks the film. 

Small amounts of foreign substances make a vast difference to 
the surface tension of a liquid. Everyone knows the ‘^camphor 
boats’^ which are sold. A very light and small toy boat has a little 
bit of camphor fastened to the back. When it is put in water it 
swims sedately along and will go on for many hours. If you take 
a bit of camphor and scrape a few grains of it into some clean 
water, you will see the grains swim round and round till they 
have disappeared. 

The reason for this is that the camphor dissolves more in one 
place (e.g., a corner) than in another. Now camphor lowers the 
surface tension of water, and so the part where the most camphor 
is dissolving is less pulled by the water than the rest. So, the 
camphor is pulled by the surface film away from the part where it 
is dissolving most quickly. A film of oil lowers the surface 
tension of water and therefore, in water with a film of grease on 
it, camphor will not move. If you rub your finger on your head 
(if you use hair-oil) and touch the water surface, the camphor 

Negative end fcS M Mi Neutral cod 

IP Girbon atom 
o Hydrogen atom 
^ Oxygen atom 

Fig. 35. — The soap molecule (actualk an ion). 

(About 30,000,000 times magnified.) 

stops. A film of a millionth of a centimetre thick will do this: it Is 
probably a single layer of bulky oil-molecules. 

These thin films are very interesting, and they are most easily 
studied by the help of soap films and soap bubbles. 

A solution of soap gives very stable and durable bubbles — a 
“lather’’ is what we expect from a soap. The soap-molecule is a 
long snaky affeir with a group at one end which has an electric 
charge, and therefore, a strong attraction for other molecules. 
A soap solution has a very low surface tension, and consequently 
the pull of the stretched film is not enough easily to break it. 
The film is a layer of water sandwiched between two layers of 
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soap molecules. The soap molecule is like a snake, its head being 
an electrically charged group which is attracted to water ^ its tail 
being an “oil-like” group which is not. The attraction makes 
the film a strong one: it can be stretched because the water 
contains reserve soap molecules, ready to fill up any gaps. 



Pc)/C , 
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-Oily “tails” of soap ions, not attracted by 
water. 

-Negatively charged heads of soap ions 
attracted by water and the positive metallic 
ions ^ 


-Water molecules (dotted) and positive sodium 
ions and spare soap ions 




Fig. 36. — The soap film. 

The best easily-compounded mixture for making soap 
was invented by Professor C. V. Boys, who made a considerable 
study of these and wrote a book {Soap Bubbles and the Forces which 
mould them'. S.P.C.K.) full of interesting experiments and pictures 
of them. He recommends a mixture of pure soap, water and 
glycerine. This can be bought ready made; however, by dissolv- 
ing a three-quarter inch cube (about quarter oz.) of castile soap 
in half a pint of hot rain-water or distilled water, stirring in two 
ounces of glycerine and letdng the mixture cool in a clean corked 
bottle, a very good substitute is obtained. Ordinary yehow soap 
may be used instead of Castile soap, but most toilet soaps are not 
so good. With a bottle of this and some wire frames we can find 
out some mteresting things about soap films. The beautiful 
colours we wiU leave till we study light waves (p. 470). It is the 
shapes that wiU interest us now. First of all, we can show that a 
soap film pulls. Plate IV, A, shows a soap-fiJm supporting a 
waght of 0,5 grams. As soon as the film breaks, the thread and 
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weight drop. It is only the pull of the sur&ce films that hold them 
up. In Plate IV, B, a heavy wire hangs by two threads. The soap 
film, stretched between them draws them together raising the wire. 

Another good way of showing this is to make a film on a wire 
ring and drop a loop of fine silk (wetted with soap solution) 
uponit. Prick the film with a hot wire. It breaks; and the pull of the 
outer film makes the loop into a perfect circle (Plate IV, C, D). A 
sharply curved film presses more strongly on what is inside it than 
a less sharply curved one. Suppose we blow two soap-bubbles on 
the ends of a tube and then connect them by a tap. One is 
bound to be a little smaller and therefore more sharply curved. 
Its pressure will be higher than the other and so the air will flow 
from it to the other. This makes the little bubble smaller and its 
pressure therefore still higher, and the small bubble consequently 
blows up the big one. Another curious thing is that you cannot 
get a bubble shaped like a sausage. If a cylindrical soap-film is 
more than about three times as long as it is broad, one end 
swells and the other shrinks and it bursts. 



Fig. 57. — A thin fub- 
bet bag, filled with 
water, taking the 
form of a drop. 


It is only the surface film on a liquid which 
causes it to form drops. In a drop, we have 
the weight of the liquid pulling down and the 
tension of the film pulling up. 

Fig. 37 shows how a thin rubber bag full of 
water takes the same shape as a drop. Watch a 
drop gathering and falling. It begins like 
Plate IV (a), it then gets longer (b), develops a 
waist (c) and drops. The actud dropping is 
too quick for the eye to follow, but an in- 
stantaneous photograph shows that a tiny 
droplet (d) forms between the main drop and 
the liquid left behind. This droplet is the 
remains of the ‘ Vaist.” The drops in Plate IV 
are of a mixture of aniline and benxene. This 
being only just heavy enough to sink in water 
forms large drops which fall very slowly. 

Everyone has noticed how a drop of water 
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falling into water seems to shoot up again. It is vc^ nottceable 
in a heavy thunderstorm and gives the impression ^t the 
rain drops are bouncing off the toad. This is quite one 
of the most peculiar of simple happenmgs. It c^ot be 
exactly explained but is almost entirely an effect of surface 
tension. In Plate V is illustrated high speed cmema aims of 
drops of water falling into water, showing every stage of the 


^ Try dropping drops of milk into tea which has just been 
poured out and you wiU get a blurred impression Uke all the 
photos on top of each other: but you will be able to see that the 
photographs of Plate V are real. Another very pretty pheno- 
menon can easily be seen if you gently turn the tap off until the 
thin smooth stream of water begins to break up and give a 
quivery beaded effect. You can see here that something odd is 
happening too quickly for the eye to appreciate. What has really 
happened is that the tension of the surface film squeezes the 
stream into waists and finally into a stream of big and little 


drops. 

A curious result of surface tension is that a liquid tends to move 




along a tube made of some material 
which it wets. If we dip a number of 
glass tubes in water, the water rises in 
them for a certain distance and finally 
stops with its surface set in a curve 



which we call a ‘‘meniscus.” The 
narrower the tube is, the higher the 
liquid rises and the sharper is the 
curve. The simplest explanation of 
this is not very simple! Think of a 
water molecule (Fig. 38 A) in the 
surface and away from the wall of the 
tube. It is pulled sideways and down- 
ward by its neighbouring water- 
molecules. The pull on the surface is 
downward and as a liquid (p. 87) 
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always keeps its surface at right angles to the pull on it, the 
surface stays flat. Now think of a surface molecule near the 
glass walls. It is pulled to the left by water molecules, 
to the right by glass molecules and downward by water 
molecules (Fig. 38 B). Now glass molecules attract water 
molecules more strongly than these attract each other, so the 
water molecule is pulled to the right harder than it is pulled to the 
left; so the total pull made up of right, left and down is a sideways 
pull (Fig. 38 C). The liquid sets itself at right angles to this. 
Hence the curve. It is easy to see that the nearer the molecule is 
to the glass, the more it will be attracted and the steeper the curve 
will be. Fig. 38 (E) shows the exact shape of the surface of the 
water in a tube of one-twelfth inch bore. 

The consequence of this is that the water hangs on to the g^ss, 
and the curved elastic surface, in trying to straighten itself* pulls 
upward (Fig. 38 D). Something must balance the pull and the 
only thing that can do it is the weight of the water. So the water 
goes up the tube till its weight pulling down balances the curved 
film pulling up. The narrower the tube, the sharper the curve 
and the bigger the upward pull as is illustrated in Fig. 39 (G). 

Fig. 38 (F) shows what happens when a narrow glass tube is 
pushed into mercury which it does not wet. Remembering that 
mercury molecules attract each other more than they attract glass 
molecules, it may amuse you to figure out why it gives a convex 
curve and goes down the tube. 

A great many things follow from this. Any porous material 
like lump-sugar, blocks of salt, chalk, sand, earth, cloth, etc., may 
be thought of as a mass of interlacing tubes, and water or any 
other liquid that wets them will rise through them to a certain 
limited height, depending on the size of the crevices (the smaller 
the higher) and the attraction of the liquid for the solid. 

Water does not rise at all in a heap of stones, but if a heap of 
sand stands in a puddle, it becomes wet several inches up. Hang 
up a strip of blotting paper with one end in ink. The ink rises up 
it, and if the strip is long enough you will see that it stops rising 
after a time. This height varies both with the porous materid 
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Fig. 39. — Capillary attraction. The diameters of the tubes are marked at the 
top: the height to which water rises is shown on the left of each. P shows 
how water traverses a skein of cotton as if it was a bundle of tubes. 


(try a piece of sewing cotton instead of the blotting paper) and 
also with the Uquid. 

Not so very many years ago, paraffin oil had not been invented 
and our Victorian ancestors burned in their lamps colza oil, made 
from the seed of rape, a sort of wild cabbage. Vegetable oils have 
poor “capillarity” — as we call this power of rising in a tube — and 
so when the oil had sirnk a little in the reservoir, it would no 
longer ascend the wick and the flame began to sink too for lack 
of oil. So lamps were made with very flat wide reservoirs so that 
the use of a little oil should not lower the level much (an elaborate 
clockwork arrangement was sometimes used to raise the level). 
Paraffin, a mineral oil, has much higher capillarity and rises up 
quite a tall wick without difficulty and the modern lamp has no 
need for a flat reservoir. The sauce-boat shape of the Roman 
lamp was necessary too, because of the poor capillarity of the 
olive oil they burnt. So many things depend on capillarity 
that there is only space to list a few of the most familiar. 
The wick of a candle, a bath towel, the rising of damp in a wall 
(a layer of non-porous pitch — a “damp-course” — stops it), 
moisture rising to the surface from water beneath the soil, the 
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absorption of sweat by clothes, are just a few of the everyday 
things which depend on capillarity. 

Why can^t we use this capillarity to do some work? Suppose 
a tube was constructed as in Fig. 40. Would not the water rise 
up it, drop out of the end and, falling back, drive a little 
wheel, so giving a perpetual motion? No, 
alas, for as soon as the water surface 
reaches the free end of the tube it ceases to 
be hollow, and once a drop begins to form 
there is no longer a pull up the tube, for the 
bulging clastic “skin"' of the drop gives 
a push down. The liquid simply settles 
itself so that its surface curve just pulls the 
liquid hard enough to keep it where it 
is. The same objection applies to any 
way of pumping liquids by surface tension. 



Fig. 40. — Attempt to get 
unlimited work for no- 
thing by a perpetual 
motion. 


HOW FLUIDS FLOW 

Liquids and gases are distinguished from solids by the fact 
that they flow. They can be pumped through pipes, and you have 
only got to look at a hole in the road in London to realise how a 
modern town is strung on a network of pipes, main-water, 
sewage, high pressure water (for hydraulic machinery), ordinary 
gas, high pressure gas for street lighting; while in America 
steam is often laid on as well. You might think there was nothing 
very much to know about flow through a pipe; you pump it in 
one end and it comes out of the otherl But pumping takes power 
and power costs money, so it is at least necessary to sec that all 
your power goes to moving the water. If water is pumped slowly 
through a pipe, it moves in an orderly way, every part going 
straight down the pipe. The water moves quickest down the 
middle because friction with the sides slows it up. If the water is 
speeded up beyond a certain point, the flow suddenly becomes 
turhtdent^ foe pipe becomes full of eddies and a great deal of 
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energy is wasted in simply 
stirring up the water. This can 
be seen in water flowing along a 
wide glass tube if a little coloured 
water is introduced. (Fig. 41). 
The water goes in a straight 
stream until the speed of the 
water reaches a certain value, 
when it suddenly starts to twist 
and turn and eddy. 

A great deal is heard of 
streamlining nowadays. A 
streamline is defined as a line 
drawn so that it everywhere 
points in the direction in which a 
(above) and turbulent flow (below), liqxxid Or a gas is flowing. Now 

one of the most important 
things you can do with a liquid or a gas is to move things through 
them. Engineers are spending time and business men mints of 
money in pushing ships through the water, and aeroplanes and 
motor cars through air. 

Now, the only thing a ship is doing is thrusting itself through 
water and air, so any study is valuable which can enable us to find 
out the shape of the ships which need the least force to push 
them through water. The resistance of the water is of three 
kinds. The first is skin friction. The water adheres to the side of 
the ship and molecule is always being torn from molecule as it 
goes. Eighty per cent, of the coal the ship burns is spent on 
pulling water molecules away from their neighbours. Of course, 
this has been greatly studied. If any one could find some paint 
for a ship which would slip through water with half the friction 
of those at present known, he would make a stupendous fortune 
and win the America Cup. But as far as we can tell, any smooth 
surface is as good as another. In tropical waters, weeds grow 
quickly on ships’ bottoms, and a growth of weed three inches 
long more than doubles the work of pushing the ship along. So 
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the bottoms of ships are coated with a greasy anti-fouling paint 
to which weeds cannot stick. Beyond doing this and making the 
ship as smooth and free from projections as possible not much 
can be done. But there are two more things that may hinder a 
ship. It may make eddies and it may make waves; both a useless 
stirring of the sea. 

If we consider the sea as flowing past the ship instead of the 
ship going through the sea, there is absolutely no difference. 

Suppose the ship was doing 30 
knots. Imagine the sea, **6hip 
and all/’ put in a huge tank on a 
giant railway truck and moved at 
30 knots, the other way. The 
ship would now be still, and the 
sea moving, but no one could tell 
the difference, if they couldn’t sec 
the tanki So, we can study the 
eddies a ship makes by letting 
water stream past a model of it. 
\ iG. 42. — The fish-shaped object hardly Now, it is found that the shape 

causes any eddies as it moves, while r - i i_ 

the ball disturbs the water extensively, which causes hardly any eddies 

at all is the shape of a blunt- 
nosed fish (trust Nature to spot iti) (Fig. 42). If ships were 
made with a blunt nose and tapered tail, they would waste no 
energy in stirring the sea into whirlpools. But such a shape 
would hardly be satisfactory, because the blunt bow would 
make waves and be knocked about by them. So, for the last 
century, a form tapered at each end has been used. A liner may 
cost nearly £5,000,000, and its success depends greatly on its 
speed. It is therefore important to be sure of the right shape 
for it. This is done by trying out models. Exact models of 
variously shaped hulls are carved from wax on a wooden 
foundation: sixteen of these, each about 17 feet long, were tried 
before the form of the great Yssxtt Queen Mary was settled. These 
models arc floated in a long tank 400 x 20 ft., and towed at a 
speed which ‘‘corresponds” to what will be expected of the liner. 
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This speed is worked out thus: if the model is a ccrtuti fraction, 
say, a hundredth of the length of the liner, then the corresponding 
speed is the square-root of that fraction — in this case a tenth — of 
the real speed. The towing force required is measured by a 
dynamometer — a sort of spring balance — on the towing line, 
and the models are altered again and again till the shape with 
the lowest resistance is found. Waves can be created in the tank^ 
and the behaviour of the liner in rough water can be predicted. 
Plate V shows a model of th& Queen Maty in the experimenul tank 
Streamlining for things which move in air is not so important 
unless they move very fast. The wing of an aeroplane must be of 
streamline shape: so must a racing car designed to go at speeds 
much above loo m.p.h. The resistance of air or water varies 
roughly as the square of the speed of the thing that is moving 
through it. So, suppose the air-resistance of a car takes up five 
of its horse-powers at loo m.p.h. It would then need 20 h.p. at 
200 m.p.h., and 80 h.p. at 400 m.p.h. to overcome the air re- 
sistance. On the other hand, at 50 m.p.h, only i J h.p. would be 
needed and at 10 m.p.h. only h.p. 

It follows that racers must use streamline, but although at 
any speed it gives some slight advantage, ordinary motorists 
need not worry much about it. 


A pecuUar form of “streamline motion” is a whirlpool, eddy 
or vortex, all of them names for the same thing. 

We have already seen that if a hquid is stirred round and 
round and so set spinning like a wheel, it forms itself into a cup- 
shaped hollow (Fig. 33), the surface setting itself so that the 
surfaa of the liquid is everywhere at right angles to the pull of the 
centtirugal force and the pull of gravity combined. 

“Storms m a teacup” are well enough known to us, but in the 
sw quite big wlurlpools may form. The usual reason for a 
whirlpool being formed is the existence of two parallel currents 
flowmg opposite ways. Imagine two boards pushed opposite 
ways with two or three round rulers pressed between Aem. 

slack 

water between two opposmg currents. The most famous whirl- 
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pool is the MSelstt5m descdbed with terrifying vividness and 
enormous exaggeration by Edgar Allen Poe in his story of that 
name. 

A vortex seen in every house is a "free vortex.” If you let the 
water run out of the bath, it almost always takes a circular, or 
rather spiral course, as it finds its way to the plug-hole, probably 
because it always moves sideways as well as towards the hole. 

The shape is quite easy to understand. The "sideways” speed 
of the water remains the same, but as it nears the hole, its circular 
path gets smaller and so is traversed quicker: thus the speed of 
rotation gets greater. The centrifugal force is therefore greatest 
at the centre because the water is going round most quickly 
there: the gravitational pull is much smaller than this, and so the 
combined force of the two acts almost horizontally and at the 
bottom of the whirlpool the liquid will be nearly upright. At the 
outer part, the liquid moves but slowly, so that the pull on the 
surface is mainly downward and very little sideways. In Chapter 
XXXI, where storms are discussed, it is shown that a cyclone is a 
vortex of air, and it is explained why these blow anticlockwise 
round their centres in the northern hemisphere, and clockwise in 
the southern hemisphere. The same appears to be true of natural 
free vortices in water. Plate VI shows free vortices in lakes of the 
southern and northern hemispheres! 

The difference between a forced vortex and a free vortex is 
that in the first (the stirred cup of tea) the centrifugal force is 
greatest at the outside: in the second, owing to the spiral motion 
quickening as the path of the water gets shorter, it is greatest at 
the centre. 

Another kind of vortex is commonly foimd in tubes where 
water is nmning turbulently. The central core of rapidly ruiming 
water pushes on the slacker water at the side. The stationary 
sides hold it back. Thus we get ring-vortices. A very dear idea 
of these is got by imagining a rubber ring which fits the inside of a 
glass tube and a rod which fits the inside of the ring. Thrust the 
rod down the tube and the ring will move like a ring-vortex, 
turning itself inside out as it goes. 
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Smoke-rings am ring vortices, as it is easy to see for oneself 
with the femiliar apparatus of a boot-box and smouldering brown 

paper (Fig. 57)- 


HOW LIQUroS E3CPAND 

Liquids expand when they are heated and expand a good deal 
more than solids. Since a liquid has no real length, we usually 
talk about the increase in volume or bulk which occurs when it 
is warmed. If we heat a cubic foot of alcohol from o“ C., the tem- 
perature of melting ice, to its boiling point, 78° C., it will increase 
in bulk by 1 50 cubic inches, while a cubic foot of steel heated from 
o®C. to 78° C. increases only by 5 cubic inches. The reason for 
the expansion of a liquid is the increased motion of the myriad 
molecules of which it is composed, which naturally makes them 
spread apart: this is opposed by the attraction of the molecules 
for each other. In a solid, this attraction is fairly large: the 
attraction is the thing which keeps it solid. In a liquid the 
attraction is much less: though the molecules of liquids with 
rather unsymmetrical molecules like water attract each other 
quite perceptibly. These do not expand very much — ^water (near 
20° C.) on riie average, increases by about of its bulk for each 

degree. The molecules of other liquids (e.g. chloroform) attract 
each other very feebly. There is consequently less force to resist 
the motion of the molecules and they expand a great deal more — 
chloroform on the average expands of its bulk for each 
degree it is heated. 

One of the chief applications of the expansion of a liquid is in 
measuring temperatures. 

We have t^ed a good deal about temperature without 
explaining what it is. Everyone knows that a thing which is 
hotter than another is said to be at a higher temperature: but 
when we measure temperature by numbers of degrees we need 
something more. The Centigrade system arbitrarily falls the 
temperature of melting ice o® G, and that of boiling water 
100® C. Then since mercury becomes larger by •jpjj of its bulk 
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whea heated from the temperature of melting ice to that of 
boiling water — an interval of zoo* C. — ^we say that i degree is the 
change of temperature which makes mercury ez^and or contract 
by (actually 0.000182) of its bulk. If we use chloroform 
instead of mercury we call a degree the change of temperature 
which makes chloroform alter by 1 ^^ bulk. A difficulty 

comes in here, because different liquids do not exactly keep step 
in their expansion. Two thermometers filled with mercury and 
chloroform respectively and both correctly marked at 0“ C, and 
JO® C, would not show exactly the same temperature at aj® C. 
So if we are to agree exactly about the temperatures we measure, 
we must specify the stuff we are going to put in the thermmneter. 
Mercury is the one ordinarily used, but hydrogen gas is sometimes 
preferred for very exact work. Rnally, temperarnre is really the 
energj of the moving molecules, so it is possible indirecdy to 
measure this energy and not depend on any arbitrarily chosen 
liquid to measure our temperatures. 

In practice then the instrument chiefly used for temperature 
measiuement is the mercury thermometer. Thermometers can 
be filled with other liquids (e.g., alcohol), but mercury is the 
best for most purposes. A thread of mercury is easy to see: 
h does not freeze except in Arctic conditions: it docs not boil 
till near the melting point of lead and, above all, it expands very 
steadily. Alcohol is harder to see (though you can dye it) and it 
boils at 78® C — a good way below the temperature of boiling 
water. It has, however, the advantage of expanding six times as 
much as the same volume of mercury and of being very hard to 
freeze. 

A thermometer is simply a bulb with a fine uniform tube 
attached. The bulb is filled with liquid: the tube contains no air, 
the pressure of which would burst the bulb when the liquid 
rose too high. The tube is marked off in degrees. 

The thermometers ordinarily used have small bulbs so that they 
hold very little liquid and are heated quickly: they have very fine 
tubes so that a very small increase of bulk ^es ffie liquid a long 
way up them. Figs. 4}-4j show several different kinds of thermo- 
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meter. The one in Fig. 43 is a mercury-in-glass thermometer 
used for chemical work. It is long, narrow, and has no bulges 
so that it can be pushed through a hole in a cork. The one 
in Fig. 44 is a clinical thermometer for taking patient’s tem- 


Fig. 43. — Chemical Thermometer. 

(By courtesy of Messrs. Allen & Hanbury, as are also Figs. 44, 43.) 


perature: it has a tiny bulb so that it may reach the temperature 
of the patient in half a minute, a tube so fine that if you break it, 
you can hardly see the hole: a scale which goes from 95® F. to 
no® F., which is about as cold or hot as a living human being 
can be. Finally, the tube has a kink in it. The great force of the 
expanding mercury pushes it past the kink but, though mercury 
cannot be squeezed smaller, it can easily be pulled in two and 
when the thermometer cools, the thread breaks at the kink . 





Fig. 44. — Clinical Thermometer. 

The mercury above the kink stays where it was, and the nurse 
can read off the temperature when she wishes. When she has 
read it, she shakes the mercury down past the kink into the 
bulb. Without this gadget, the nurse would have to read the 
thermometer while it was in the patient's mouth, a difficult 
job if he had a full moustache and beard. 

A gardener wants to know in the morning whether there 
has been a frost in the night while he was asleep, and he 
also likes to know the highest temperature reached in the day. 
He commonly uses an ingenious apparatus called a maximum 
and minimum tnermometer — shown in Fig. 45, It is an alcohol 
thermometer. The bulb is at F : the reservoir G is just a place 
for spare alcohol to go to. The alcohol pushes a mercury thread up 
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and down, and on each side of it is a little iron 
dumb-bell (K, L) with a feeble spring on it 
which stops it from slipping down the stem. 
When the temperature rises, the alcohol 
expands and the mercury (which does not wet 
iron) pushes L up the tube but leaves K 
behind. When the temperature falls, the 
mercury goes the other way and pushes K up 
the tube and leaves L behind. So, the bottom 
of L shows the highest temperature and the 
bottom of K the lowest. They are pulled 
down again by a magnet which attracts iron 
just as well through glass as through air. 

The ordinary liquid-in-glass thermometer is 
used more than any other kind. It is cheap 
and accurate. But it has two great faults. It 
is no use below -100® C., which matters only 
to scientific men, not much use above 360® 
C., and no use above 500® C., which matters a 
very great deal to engineers. A second dis- 
advantage is that it is rather easily broken. 
The other ways of measuring temperature 
are, first, bimetallic strip thermometers like the one described 
on page 63. These are now made accurate and cheap enough 
for most jobs but not accurate enough for scientific work. 
A mercury thermometer specially made will show a change 
of a thousandth of a degree centigrade — your own sense of 
temperature could notice a difference of about one degree 
under the most favourable conditions. A thermometer filled 
with hydrogen gas can be used at very low temperatures, for 
hydrogen does not liquefy above -25 2® C., but it is a complicated 
affair. Secondly, temperatures up to a red-heat can be measured 
by finding out how much electricity impelled by a fixed voltage 
will pass through a wire heated to that temperature. This is 
accurate but not very well suited for the use of other people 
than scientific men. Finally, very high temperatures can be 



Fig. 45 .-Maximum 
and Minimum 
Thermometer. 
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judged by matching the light, say from a furnace mouth, against 
an electric light filament heated to known temperatures. The 
higher we get in the scale, the more doubtful we get about 
temperatures. The “melting point’" of sodium sulphate is known 
within a thousandth of a degree (32.383 to 52.384) the boiling 
point of sulphur within of a degree (444-54 to 444- 50): the 
melting point of gold within 0.6 degree (1062.2 to 1061. 6) and the 
melting point of tungsten within 60 degrees (3 340 to 3400®). 

CONVECTION CURRENTS 

When a liquid expands it gets bulkier but does not get 
heavier. So, a hot liquid is lighter, bulk for bulk, than a cold 
one. A cubic foot of ordinary cold water out of the tap, say, 
at 60° F., weighs nearly 62J lbs., but a cubic foot of boiling water 
weighs only 59J lbs. Anything lighter (less dense) than a liquid 
floats on it; so it follows that hot water will float on cold water. 

A simple experiment will show a lot about this. Half fill 
a tin with cold water. Hold a spoon on the surface of the water 
and gently pour hot water from a kettle into the spoon till the 
tin is fuU. Carefully remove the spoon. The hot water floats 
on the cold, and the tin remains boiling hot at the top and quite 
cool at the bottom for a long time. You may have dived into a 
swimming bath which has remained undisturbed in a hot sun for 
an hour or two. Underneath it is quite cold but a layer of warm 
water floats on the top. Perhaps the most interesting thing 
is to watch the water rising oflF a hot object. It is easier to see 
this in a glass vessel, but most households do not have any 
glass vessel that can be heated. If you rub a little blotting- 
paper in a saucer of water, you get a sort of “soup"" of paper 
fibres. Put a saucepan of water over a small flame which heats it 
in one place only, and drop in a little of your paper fibre. You will 
see the fibres rising up with the hot water and going down with 
Ae cooler water, keeping up a regular circulation as long as heat 
is supplied. Another way of seeing the same thing is to float a 
bit of ice on a glass of lemonade. The heavy cold water from the 
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melting ice can easily be seen sinking thtough the warmer 
lemonade. 

Now this circulation of water (or convection, as we call it) is 
used for a great many purposes. In the first place it would be a 
terrible job to heat water at all without it. The water would 
get hot at the bottom of the pot or boiler where the fire was. 
The heat would not get away, for water conducts heat very 
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Fig. 46. — Convection currents. (A) in a liquid, (B) in a gas, their course 
being indicated by the smoke of smouldering paper. 


poorly, and the liquid would boil at the bottom, but stay cold 
at the top till the steam bubbles stirred it up. Still worse would 
it be for heating large quantities of water for baths. We could 
have no hot water system, for how would the hot water be 
persuaded to circulate through it and back again? As it is, the 
household hot water system is quite an elegant piece of apparatus 
— to the scientific eye. The actual boiler only holds a few gallons 
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of water; it has an exit pipe at the top and an entrance pipe at the 
bottom. These connect to the top and bottom of the cylinder in 

which the hot water 
is stored. The hot 
water from the 
boiler rises into the 
cylinder and the 
cooler and denser 
water from the latter 
flows back into the 
boiler. In this way 
a large quantity of 
water is kept hot. 
This flows round 
tl\e circuit A A A A 
because the water 
in the left-hand 
vertical pipe must 
always be cooler and 
heavier than that in 
the right-hand ver- 
tical pipe which 
issues from the 
highest and hottest 
part of the cylinder. 

Fig. 47 . — K domestic hot wate/ system. At the bottom of 

(Courtesy of Gresham Publishing Co.. Ltd.) ^he cylinder enters 

a pipe from the cold water supply: this replaces the water drawn 
off and gives the necessary pressure to drive the hot water 
to any tap lower than the cold-cistern. When the fire is burning, 
the water in the cylinder gets hotter until either it boils or 
die speed at which heat is leaking away from the system to the air 
is the same as the speed at which heat is being supplied by the fire. 
It is not good to let the water boil, as, if the water is ‘‘hard,” i.c,, 
contains certain “lime” salts (calcium bicarbonate), a crust 
deposits in the pipes and some day blocks one or both of them. 






Four liquids which do not mix {v. p. 8i). 
(From a photograph by Mr. H. 
Pocock.) 


PLATE Vr 



I’lee vortices. The upper is in the Southern Hemisphere (Arapuni Dam, N.Z.), 
the lower in the Northern Hemisphere (I-och Treig). (By courtesy oi Messrs. 
CTleniield and Kennedy, and I'he Wechanica! W'orld.) 



A bullet leaving a rille at about 2,500 feet per second. Note the spherical 
compression wave of expanding burnt gases, and the conical wave set up by 
the bullet. (By courtesy of Messrs. Philip Quayle, Ohio.) 
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Then, if the matter is allowed to get so far, the water cannot cir- 
culate: it gets very hot in the boiler and turns into steam, the 
pressure of which would burst the boiler and probably kill some- 
one, were it not that the boiler has a safety valve at the top. How 
does the safety valve work? Very simply. Fig. 48 shows a simple 
safety valve. A few weights press a cap down on to a fairly sharp- 
edged hole which it fits well. If the ordinary main water pressure 
is 25 lbs. per square inch, and the size of the hole is square 
inch (about Jinch bore) and the weights weigh 2J lbs., clearly the 
water will not be able to push the cap up and so there will be no 
leakage. But suppose the exits are blocked and steam forms in the 
boiler. The pressure gets much larger, forces up 
the cap, and the steam and water come spurting out. 

Luckily, this does not often happen, for people 
notice that their hot water system is working 
badly and send for the plumber long before the 
pipes get blocked. 

A central heating system works in just the same 
sort of way, but there is no hot cistern; the top 
from the boiler leads through to the top 
safety valvef room which requires to be heated, and then leads 
(Courtesy of down through several radiators (which are simply 

Gresham Pub- . rii j • u- r \ j i. i 

lishing Co.) pipes folded Up to give a big surface) and so back 

to the bottom entrance pipe. 

The column of water on the exit pipe side of the highest 
point is hotter than the column of water on the entrance pipe 
side. It is tlierefore lighter, and the cold and heavier side presses 
down more heavily than the hotter and lighter, and so flows 
down and pushes the hot water up. As long as the fire is alight 
this process goes on and keeps a steady stream of water through 
die radiators. A car is cooled by just the same arrangement. 
Here, the cool water in the radiator and the hot water in the 
cylinder-block cause a circulation just like a hot water system. 
It docs not circulate very quickly, however, so most cars push the 
water round with a pump. 

Water expands in a peculiar way which has a very important 
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effect on the under-water life of weeds and fish, as weU as on out 
climate. Water contracts as it cools, like any other liqtiid, 
because its molecules slow down and do not force each other so 
far apart by their blows. But while water at its boiling point is 
simply a crowd of single water molecules, these begin to link 
into loose pairs as the water cools down, and into triplets as it 
cools further. Now, single water molecules pack much closer 
to each other than double ones and double ones pack better 
than treble ones: so that as the water molecules cool and link 
up like this, they begin to want more space and the liquid inust 
expand. If you think of pouring tennis balls into a box in a 
random fashion (not packing them in any systematic way) you 
can see that 500 single balls would need a smaller box than 150 
pairs stitched together, or 100 threes. 

Down to 39° R, the water contracts mote than it cjqpands, 
between 59° and 32° R, it expands more thank contracts. When 
it freezes it all goes into triple molecules, and thus requires 
so much more room that ten cubic inches of water make eleven 
cubic inches of ice. This is why pipes burst when they ate 
allowed to freeze. The water begins to freeze and somewhere 
freezes solid and blocks the pipe. This traps some unfrozen 
water and gives it no room to expand: when it freezes an enormous 
pressure is exerted and the pipe splits. The possible remedies 
arc several. First of all you may leave the taps dripping: this 
keeps a steady supply of warmer water welling up from the main. 
The water companies simply hate this plan, and another objection 
is that the water usually freezes in the outside waste spouts. 
These get blocked and the water overflows in the night. If 
you have lead pipes, you can tap them into an oval. If the 
water freezes, it only pushes the oval into a circle. This plan 
is not much good because it is only useful once: the next time 
it freezes, the circular pipe bursts. Finally, the real remedy is to 
wrap the pipes in felt to make them cool slowly, keep a fire in the 
hall all night and leave the trap door into the attic roof open so 
that the warm air may rise and prevent the cold water dstern 
and its pipes from freezing. 
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Suppose a pond in winter has a temperature of 45® F. (water 
freezes at 5 a® F.), when a cold spell begins. The cold air cools 
the top layer of water and makes it denser than the water below 
which has not been cooled. So the cold layer sinks and a fresh 
warm layer comes to the surface to be cooled again. This goes 
on until all the water gets cooled to 39® F. Thereafter, the water 
expands as the air cools it, and the top layer of cold water is 
lighter than the less cold water below. So this layer stays at the 
top and does not sink. It rapidly gets colder and freezes. Now 
heat passes only very slowly through still water. Consequently, 
the water at the bottom of the pond only cools down very slowly, 
and it requires a long spell of severe frost to make the iqe six 
inches thick, let alone to freeze it solid. 

Now suppose the water — like almost every other liquid — 
had contracted as it cooled all the way till it froze. The top layer 
of pond water would have gone on cooling and sinking and 
being replaced by the warmer lower layer until the whole pond 
was at freezing point. It would then freeze, and ice crystals 
would shoot out through the whole depth of freezing water. 
The water would freeze to a sort of sludge of ice crystals and 
finally freeze to a solid block. Well, it may take several weeks 
for a ‘‘snow-man” to melt, and it is easy to see that a pond once 
frozen solid would thaw only on the surface throughout the 
whole winter. Ordinary fish and plants would not Uve — though, 
no doubt, creatures capable of spending a winter in ice would 
have been evolved. As it is, carp will survive freezing into a 
block of ice and melting out again after some weeksi 


EVAPORATION 

Even more important than the expansion of liquids by heat is 
the effect of heat in making them evaporate and boil. Everyone 
knows that a saucer full of petrol dries up in a few hours: a 
saucer of water in a few days and a saucer, say, of olive-oil so 
slowly that in any reasonable time the effea is not noticed. 
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Evaporation is quite a simple thing. Of the jostling molecules 
in a liquid, some are going slowly and some going quickly. A 
molecule which has had a push behind will go quicker than one 
which has had a push in front. 

Now, at the surface of the liquid, the attraction of the other 
molecules (p. 90) is pulling back any molecules which hop out. 
If these are going slowly, the pull is too much and they fall back; 
if they are going fast, they may get out of range of the pull and 
float offin the air. 

So, evaporation is the loss of the speediest molecules of the 
liquid. Now a speedy molecule is a hot molecule, so when a 
liquid evaporates it loses its hottest molecules and keeps its 
colder ones: consequently, it gets colder — a fact used in all 
refrigerators. Again, the hotter you make a liquid, the speedier 
are its molecules and — since the pull of the surface molecules 
stays the same — the more molecules will be fast enough to get 
away. So, the hotter a liquid is, the quicker it will evaporate. 

Evaporation is not quite so simple as this, because molecules 
are continually coming back into the liquid as well as leaving it. 
Look at a corked bottle of beer. Does the liquid evaporate? 
Not unless the cork leaks. Molecules of water are always darting 
out of the liquid into the air above it: but molecules of water 
from the space above the liquid are continually taking headers 
into it. A liquid in a closed space evaporates until so much 
vapour — i.e., so many molecules of it in the form of gas — have 
accumulated in the space, that in every minute as many molecules 
come back into the liquid as leave it. A liquid in the open 
evaporates quickly because the molecules are carried off by air 
currents, and cannot dive back again. Winds help drying for this 
reason. We talk of the liquid “evaporating” when the molecules 
leave it and we talk of the vapour “condensing” when the mole- 
cules go back again. 

What has just been said applies to all liquids, but some 
liquids evaporate much more easily than others. At a given 
temperature all molecules have the same average energy — they 
give an equal punch. This shows clearly that the very light 
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ones like hydrogen must move far faster than the heavy ones 
like those of mercury. The chance of any molecule getting 
permanently out of a liquid depends first on its speed, secondly 
on the strength of the pull that keeps it back. So we shall expect 
first to find that liquids with light molecules will evaporate very 
easily, and, indeed, this is true. Liquid hydrogen evaporates 
rapidly, boils in fact at the very low temperature of -252.8® C. 
Acetylene, the molecule of which is thirteen times as heavy 
as a hydrogen molecule, boils at -82.4° C. Benzene (with 39 
times as heavy a molecule) evaporates quite quickly: it boils at 
81® C. Turpentine, with a molecule 68 times as heavy, evaporates 
very slowly: it boils at X56® C. This is a very rough rule indeed. 
The worst exceptions are water having a molecule only 9 times 
as heavy as a hydrogen molecule and boiling at 100® C., and 
liquid metals like melted aluminium which boils at 1800® C., 
although its molecule is only 13I times as heavy as a hydrogen 
molecule. The other thing which makes a liquid evaporate 
easily is a feeble pull from its fellows in the liquid. Compare the 
gases methane (Ae explosive gas in mines), ammonia and water. 

The weights of their molecules are not far off the same (16, 
17 and 18 units respectively), and if speed were all that 
mattered in evaporation, they should all evaporate about equally 
fast. 

Methane has a beautifully symmetrical molecule: it boils 
at -164® C. near the temperature of liquid air. Ammonia is not 
so symmetrical: it has one pair of odd negative electric charges at 
one side and these make the negative side of one molecule attract 
the positive side of the next. This attraction holds up the mole- 
cules a bit, and it does 
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Pig, 49. — ^Molecules of (A) methane, (B) ammonia 
(Q water. 


not boil until-35.5® C. 
Finally, water has four 
negative charges all on 
one side of the mole- 
cule and so water mole- 
cules attract each other 
strongly, and water 
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evaporates slowly and only boils at loo® C 

Evaporation is used first for getting rid of a liquid we do 
not want; secondly, for purifying liquids (p. 555): thirdly, for 
cooling purposes: and fourthly, in the steam engine for getting 
power — a use we wiU also leave till a later part of the book. 

The simplest use of evaporation is for the drying of clothes 
or other wet material. The things which speed this up are, as 
everybody knows, warmth which speeds up the molecules, 
winds which carry them off and prevent them jumping back, dry 
air which has few water molecules to jump back. In factories 
where materials like rubber have to be dried, the things are often 
heated in a vacuum. In air, the escaping water molecules hit the 
air molecules and bounce back off them. In a vacuum this 
cannot happen. The vapour is pumped out of the vacuum so 
that it cannot get back to the rubber or what not. The chemist 
has a clever piece of apparatus called a vacuum desiccator. 
He puts anythiag he wants to dry in an airtight glass case in the 
bottom of which is some sulphuric acid and he then pumps the air 
out. The water evaporates in the usual way from the thing he is 
drying, and every water molecule that comes off finds its way in a 
few seconds to the sulphuric acid. Now sulphuric aciditself does not 
evaporate, audits moleculesinstantlyhitch on to any water molecule 
they meet and will not let it go. So hardly any of the water mole- 
cules gets a chance to go back to the stuff from which they came. 

On the large scale, many solids are manufactured from solutions; 
salt from sea-water or strong ""brine” pumped up from salt- 
mines; sugar from cane-juice or beet-juice (to name ut once two 
very big industries). These solutions of salt and sugar arc 
usually evaporated in a vacuum in order to save fuel. 

When a liquid evaporates, it becomes colder unless, of course, 
it is being heated at the same time. If you pour petrol, or better 
ether on your hand, it feels very cold: the petrol in the can is no 
colder than the other objects round it, but as soon as it evaporates, 
it gets cold. Why do liquids get cold when they evaporate? 
You will remember that evaporation occurs because some of 
the fastest molecules manage to get out of range of the others. 
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The temperarure of anything is the average energy of the mole- 
cules, and the energy of a molecule depends on its weight and the 
square of its speed, so that if the fastest and hottest ones are 
getting away by evaporation, the slowest and coldest are being 
left behind. Evaporation then makes a liquid colder because it 
takes the hot molecules and leaves the cold ones. But what 
happens when the fast molecules have all gone? This never occurs, 
because collisions between the slower molecules speed up some 
and slow down others, so there is always some supply of fast 
molecules, but as the liquid gets colder, this supply becomes 
scantier and evaporation slows up and nearly stops. 

Think for a moment what happens when water is bc^l$d. The 
fastest, hottest molecules are going off as steam and so tending to 
cool the water down below boiling point. The water only 
keeps boiling if a flame beneath it is speeding the water up — ^in 
fact, if heat is being put in. When we boil a kettle, we are heating 
water and not making it any hotter, for the water just stays at 
boiling point. The heat we put in all goes to speed up the 
molecules and make them nimble enough to dart away from their 
fellows which are attracting them. This heat we call latent 
beaty and actually it takes six times as much to turn a pint of boiling 
water into steam as it takes to heat a pint of cold water to boiling. 

The use of evaporation to produce cold is one of the very few 
ways in which we can cool a thing without having ice or some 
cold substance to cool it with. Damp clothes are chilly because 
the water in evaporating cools the clothes and so also the body. 
In some mines, the air is very damp, and in these, although a 
miner’s clothes may be soaked with sweat, he does not feel chilly. 
The air is full of moisture and evaporation does not occur. 
Evaporation is the body’s chief means of keeping its temperature 
down. Heat is always being produced by the ‘‘combustion” of 
food material in the body: heat is always leaking away into the air. 
The quantity of heat produced may be quite small, as when you 
are resting, or very large when you are running. The body 
must either keep its internal temperature within a very few 
degrees of 98.4® F. or die. It has two chief tricks. If it is cooling 
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too fest, it closes the little blood-vessels in the skin and the 
blood away from the surface; the skin goes pale and, since the 
blood is no longer warming the skin where the sensation of 
heat and cold resides, one feels cold: if this is not enough, it 
shivers, contracting the muscles, doing work and so rapidly 
burning more fuel. If, on the other hand, the body is producing 
more heat than it is losing and so begins to heat up, it sends the 
blood to the skin to meet as much cool air as possible and the 
s kin flushes: next, if that does not suffice, it sweats freely, that is 
to say, exudes moisture which quickly evaporates and so cools 
the body. In a very hot moist climate, e.g., that of the Congo or 
Amazon basin, sweat does not evaporate easily and violent 
exertion may produce more heat than the body can get rid of, 
and the serious malady of heat-stroke results. 

The earthenware cases sold as butter coolers and milk bottle 


coolers work in just the same way. They are soaked in water, and 



Fig. 50. — ^Thc B.T.H. tefrigetator. (By pennission 
of the British Thomson-Houston, Co., Ijtd.) 


as long as they remain 
wet and in a draught, 
they keep quite cool. 
But stand them in a 
small closed cupboard 
and they are almost use- 
less, for the air becomes 
moist and evaporation 
stops. 

The most elaborate 
apparatus of this kind is 
that employed in refri- 
gerators. In all the best 
known makes, a gas or 
vapour is turned into a 
liquid in one part of the 
machinery. This uses up 
heat or power. The 
liquid is then evaporated 
where the cooling is 
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required. As an example of several excellent refrigerators, the 
made by the International Refrigerator Company may be 
taken. The principle is to evaporate a liquid into vapour to 
get the cooUng, then by compressing the vapour to get the 
liquid back. The liquid used is sulphur dioxide, which boils below 
freezing point at 14° F. In Fig. 50 R is an electric motor which 
works a pump. This draws the gas sulphur dioxide from the 
cooler C of the refrigerator and compresses it into the space S 
round the motor. The compressing makes it warm (p. 158), and 
so it is passed into the coils M where it cools to room temperature. 
But compressed sulphur dioxide gas liquefies at room temperature, 
though the ordinary gas does not. Consequently, liquid sulphur 
dioxide forms in the coils and at intervals lifts the float of the 
level-regulator F and runs through into the cooling chamber C. 
Here, the pressure is low because of the action of the pump, and 
the sulphur dioxide evaporates and gets very cold; the gas 
returns to the pump and goes through the whole process again. 
The machine is taldng heat from the inside of the refrigerator 
and giving it out again from the cooling coils at the top. 

A minor use of evaporation is the way of roughly telling the 
height of a mountain. Now, the higher up you are, the less air 
there is above you, and so the less is the pressure of the air. 
The pressure of the air at various heights is shown in the table set 
out below. 

Now, it is quite easy to find out the temperatures at which water 


HEIGHT OF 

MOUNTAIN 

BAROMETER 

BOILING POINT OF 

WATER 

Metres 

Feet 

Millimetres 
of Mercury 

Inches of 
Mercury 

® C. 

®F. 

0 

0 

760 

50.0 

100 

212 

1000 

3,280 

674 

26.5 

96.7 

206.1 

2000 

6,562 

596 

^ 5-5 

93-3 

200.0 


9,842 

526 

20.7 

90.0 

194,0 


13,123 

462 

18.0 

86.7 

x88.o 

5000 

16,404 

405 

16.0 

00 

181.9 
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boils at these pressures; the figures are given in the jth and 6th 
columns of the table. To measure the height of the mountain, 
you put in your pocket a thermometer and at the top, make a 
fire and boil the instrument in some water. Notice the tem- 
perature and look up the corresponding pressure in the table, and 
also note the time. When you get down, find out what the air 
pressure (shown by the barometer) was, on that day and at that 
time, at the bottom of the moimtain. If it was below or above 
thirty inches, add or take off enough to bring it to 30.000 inches, 
and then do the same to the pressures shown in the table. Then 
read off the height. 

Take an example. A thermometer boiled at the top of Ben 
Nevis read 203.85® F. The barometer at Fort William (sea level) 
showed 29.70 inches at that moment. From the table, water 
boiling at 203.85® F. indicates a pressure of 25.1 inches. Add on 
0.3 inches, making the pressure 25.4. This shows a height of 
4,400 feet. Most people prefer a pocket barometer which shows 
the pressure more accurately: but if one’s barometer is broken and 
one’s thermometer survives, the method is sometimes useful. 
Before nocket barometers were employed, the thermometer 
method was a favourite one. 

When a liquid evaporates, it produces a great deal of vapour. 
One cubic inch of water produces 1,700 cu.in. of steam at ioo®C, 
This is because the molecules in a gas are so far apart. Suppose we 
do not give the cubic inch of water 1,700 cubic inches of space, but 
only 10 cubic inchesl We heat it up: it does not boil at 100® C., but 
it does boil at 345 ® C. and turns into 10 cubic inches of steam at the 
enormous pressure of 2,300 lbs. per square inch. The vessel 
would have to be very strong, otherwise it would burst like a 
rather ferocious bomb. Suppose, however, we shut up the water 
in a very strong vessel only a little bigger than woxild hold it. Any 
ordinary vessel would burst or stretch, but if it was strong 
enough, the water would do a queer thing. As it heaped up, it 
would not boil but the pressure would rise and rise and finally at 
the huge pressure of 217.7 atmospheres (and at a temperature 
hotter than melting lead) the surface of the water would grow 
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vague and wavy and it would just disappear into steam without 
bdling. Not many years ago, it was regarded as impossible to 
handle steam at these vast pressures, but recently, a remarkable 
steam boiler has been developed which actually generates steam 
at this “critical” pressure of 217.7 atmospheres (p. 262). This 
change of a liquid into a gas widiout boiling is rather difficult to 
study with water: but with ether it takes places at 19}. 8® C. and 
3;.; atm., and can easily be studied in a stout-walled glass 
tube. 

The huge pressures that water can develop if heated in a 
confined space ate the cause of boiler explosions, happily rare, 
but terribly dangerous because of the clouds of scalding steam 
which are produced. 

The most terrible explosions on earth are those of vcdcanoes; 
sometimes a whole mountain is shattered to fragments and every 
living creature near destroyed. It has been thought that these 
explosions are caused by molten lava meeting subterranean water 
and producing vast amounts of steam confined at huge pressures 
beneath the earth: but a commoner cause seems to be the ac- 
cumulation of the steam and other gases, pent up under vast 
pressure in the glowing rocks of the earth’s core. The pressure 
sometimes becomes huge enough to move mountains and “the 
hills are carried into die midst of the sea.” 



CHAPTER VI 


Gases 

WHAT GASES ARE 

T he behaviour of a gas is easily enough understood if wt 
remember what it is. A gas is a very suttered assembly of 
molecules moving as fast as bullets but not getting very far 
before they collide with each other. Each molecule has a good 
big free space round it: in fact, a molecule of a gas has about a 
thousand times as much elbow-room as a molecule of a liquid 
or a solid. Well, anyone can see that if this is a true picture of a 
gas, it must be very light, because it is made up of a good deal of 
emptiness and very few molecules. Picture a swarm of midges in 
which each midge was about two inches from the next and you 
will have a fair notion of the amount of elbow-room in a gas. 
It follows from this that a gas will flow very easily, for the mole- 
cules will not get in each other’s way, nor will they greatly 
attract or repel each other. For the latter reason, it should be easy 
to compress a gas: a solid or liquid is almost incompressible 
beause the repulsions of the electrical charges of which its 
atoms are made up are far stronger than any forces we can apply. 
In the case of a gas, the molecules are much too far from each 
other to repel each other. Compressing a gas is like forcing a 
struggling mob of people into a small room; reasonable strength 
will do it. Of course, the idea of a gas as a swarm of busy mole- 
cules is not much mote than a hundred years old. Gases are 
so unlike any other kind of matter that many centuries elapsed 
before people made up their minds that they were matter at all. 
Air was so strange a material, light, invisible to the eye, yet so 
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powerful in motion as wind, that one of the Greek philosophers 
identified it with the soul and God. The word “gas’’ itself, 
invented by van Helmont in the sixteenth century is often 
thought to be connected with “geist” or spirit, a derivation 
which displays the same train of ideas. 

One of the reasons why people before the eighteenth century 
knew hardly anything about gases was that they are difficult to 
handle. You can put a solid in a basket or a basin, you can pour 
a liquid into a jug, but a gas has to be handled in a special way. 
Suppose you have a bottle full of it. As soon as you uncork it, 
the gas molecules begin to spread into the air and the air mole- 
cules into the gas. The difficulty of handling a gas in air is just 
the same as you would find if you tried to pour yourself out a glass 
of milk under water at the bottom of a swimming bath. 

The chief trick we use depends on the fact that most gases do 
not mix with or dissolve in water. Suppose we are making some 
hydrogen by putting zinc in hydrochloric acid — spirits of salts — 
we can fix a tube into the cork of the bottle containing the zinc 
and acid and lead the tube under water, Fig. 5 1 A. 

The bubbles must all be hydrogen, for no air can get in. Now, 
we take a jar and duck it under water. This gets all the air out 
of it. We turn it up, mouth downward. The water does not 
run out — if it did it would leave a vacuum and the pressure of the 
air would force the water in again, in no timel 

Now we put the jar over the tube: the hydrogen bubbles 
up into it. When the jar is full, we stopper it, usually by sliding a 
greasy glass plate over it. Fig. 5 1 shows how a gas can be collected 
and also how we can force a gas from one vessel to another. 
Some gases, like ammonia, dissolve very easily in water, and in 
that case we use mercury instead of water. Mercury is very 
expensive and very heavy, so we don’t use it if we can help it. 

Another way of getting a gas into a vessel is to pump the air 
out and then let the gas go in through a tap. This avoids using 
mercury or water. 

On the industrial scale, there are tliree favourite ways of 
storing gases. First, they are stored in gasometers over water, or 
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under a sliding piston or diaphragm; Fig. 52 shows a gasometer 
of the modern waterless type. The weight of the sliding partition 
is balanced by the pressure of the gas. Fig. 138 shows 
storage over water. In this case the weight of the iron holder is 
balanced by the upward pressure of the gas. Since the holder is 
very large and not extremely heavy, quite a small pressure per 
square inch will keep it up. 

Secondly, gases are stored in cylinders under pressures as 
high as 1,800 lbs. per square inch. This squeezes a lot of gas into a 
little space as explained on p. 134. Fig. 55b shows a picture of 
such a cylinder. 



B 


51.— (A) Collecting hydrogen over water; (B) transferring a 
«om one jar to another. 
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IPhirdly, some gases can be made into liquids by compressing 
them, and these are sold in strong glass syphons or iron cylinders. 
VfTien the valve at the top of the syphon (Fig. 5 3 a) is opened, the 
liquid evaporates and the gas rushes out. One gas, acetylene, 
explodes when it is strongly compressed, so it is dissolved under 
moderate pressure in a liquid called acetone, just as carbon 
dioxide is dissolved under pressure in water to make soda-water. 
When the cylinder of acetylene dissolved in acetone is opened, the 
acetylene comes bubbling out like the carbon dioxide &om soda- 
water. To prevent the acetone from being spilt, it is soaked up in 
porous material. 

The selling of gas is now a big industry, and at least eighteen 
different kinds can be bought. 

The great chemical works usually make their gases and use 
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Fig. 52. — (A) A modem waterless gaslioldcr. The gas is confined under 
a huge sliding diaphragm or piston which is kept airtight by sealing 
it -a^h tar (courtesy of Waterless Gasholder Co., Ltd.). (B) The 
sealing system. 
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Fig. 53. — (A) A glass syphon containing liquid sulphur dioxide (by 
permission of Messrs. Boake Roberts & Co.). (B) A gas cylinder in 
section (from matter kindly supplied by The Chesterfield Tube Co., Ltd.). 

them on the spot. Oxygen is sold to engineers for welding with 
the oxyacetylene blowpipe, and to doctors for sustaining 
pneiunonia patients. Nitrogen, which does not burn, is sold for 
filling electric lamps and some other purposes. Hydrogen is sold 
for filling balloons and for various chemical purposes. Chlorine — 
the green poison-gas — is sold for bleaching and for making 
various chemicals. Nitrous oxide is the gas the dentist gives you. 
His two little cylinders contain nitrous oxide and oxygen. 
The nitrous oxide puts you under and the oxygen keeps you from 
suffocating. Carbon dioxide is sold in cylinders for making fizzy 
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drinks and soda water, which are simply still drinks or water into 
which this gas has been forced under pressure. Ethylene and 
ethyl chloride are used as anaesthetics. Acetylene is used for 
lighting. Liquefied ammonia (not the solution in water you 
buy at the chemist’s) is used for refrigerators, and so is liquefied 
sulphur dioxide. Argon — obtained from air — ^is sold for filling 
electric light bulbs, and neon, a gas of which the air contains only 
one part in 55,000, is extracted from it and is used to fill those 
brilliant neon-tubes which make the modern street so gay at 
night. So there are at least thirteen familiar gases you can walk 
into a shop and buy, packed in cylinders or “syphons.’’ 

One more gas is familiar enough to us aU, iht coal-gas, which 
Mr. Therm supplies to our houses. This is a mixture of half-a- 
dozen gases. It is mostly hydrogen and methane — the gas 
which causes explosions in coal mines — but it also contains the 
poisonous carbon monoxide and small amounts of several other 
gases. The way in which this gas is made and distributed is 
described on pp. 248 — 255. 

THE BEHAVIOUR OF GASES 

Only very slowly did the idea gain ground that air was a 
material substance like water or stone, and the chief thing that 
contributed to the progress of the idea was the discovery of the 
air-pump and the vacuum. It is easy to see how air behaves only 
when we have a space without air to compare with it. Most 
people know that air — and other gases — have weight, though they 
would be hard put to it to prove the fact to a hardy sceptic. If 
you fill a toy balloon with air and weigh it and then deflate it and 
weigh it again, not the faintest difference is noted. This seems odd 
at first, but the reason is simple. Look at Fig. 54 (a). On top of 
the scale pan is the balloon envelope and a column of air (includ- 
ing that in the balloon) reaching for miles up into the sky. The 
weight of air does not push the pan down, because the air is 
pressing on the pan equally upwards, downwards and sideways 
too. Now look at Fig. 54 (b). The balloon is still on the pan; 
so is the column of air. The weight is just the same — the only 




Fig. 56. — A column of air as high as the 
sky bailees a column of mercury about 
thirty inches high. The height of this 
column depends on the amount of air 
which happens to be above the baro- 
meter at tne moment in question. 

air or moisture. These stick to 
find their way into the vacuum 
of the mercury which therefore 
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the mercury on one side is no 
air (a vacuum), on the other 
side is the open air. The air 
outside pushes the mercury 
down: &e vacuum inside, 
being nothing, can neither 
push nor pull, and accord- 
ingly, the mercury settles itself 
so that the weight of the air is 
just balanced by the weight of 
mercury. If the air pressure 
gets higher, it pushes the 
mercury up; if lower, it lets 
the mercury fall, in each case 
till the weight of mercury 
balances the weight of air. 
Why do we use mercury? 
First, it is so heavy that a 
short column of it, about 
thirty inches long, balances 
the whole column of the air up 
to the sky; secondly, it docs 
not evaporate. Glycerine baro- 
meters are sometimes used, 
but they have to be about 25 
feet high, which is not at all 
convenient! 

A mercury barometer is 
quite simple in principle, but 
in practice takes a good deal 
of skill to make. The chief 
difficulty is in filling the tube, 
which must not contain any 
the sides of the tube and so 
and press on the wrong side 
registers too low a pressure 
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Space does not allow me to tell how these troubles are got over. 
Suffice it to say that the bent tube is most scrupulously cleaned, 
completely filled with mercury and then set upright. The mercury 
falls to the height where it balances the air pressure and leaves a 
vacuum on top. 

The ordinary barometer is the aneroid. It is simply a springy 
steel box with no air inside. The air squashes it in and the 
spring pulls it out, and the box settles in a position where the 
air pressure is just balanced by the spring. If the air pressure 
increases, the box is squashed in a little more: if the pressure 
decreases, the spring pulls the box out a little more. 

The motion is rather small, so a system of levers and cogwheels 
magnifies it so that it moves a clock hand. The advantage of 
the aneroid is that it is small — some are no bigger than a watch — 
and also that there is no mercury to spill. These two facts make 
it portable. Against an aneroid is die fact that springs often 
get weaker as dme goes on, and as it is the spring rihat balances 
the air pressure, the readings will alter. For accurate scientific 
work, a mercury barometer — with many refinements — ^is always 
used. 


THE FLOW OF GASES 

The flow of gases is almost exactly like the flow of liquids. 
Since gases are light, and their molecules are so far apart that 
they attract each other but slightly, gases are very easily set 
moving, and it is quite difficult to keep them still. All that was 
said about the streamlining in liquids is true for gases. 

Gases form eddies. The ordinary cyclone or ‘‘depression*^ 
which we read of in the “Weather Report** is a large but fairly 
feeble eddy of air: a tornado is an intense and rapid vortex of air. 
These we shall talk of again in connection with weather. Gases, 
however, give us the best chance of studying a ring-vortex, the 
ordinary smoke-ring. Some accomplished people can blow 
smoke-rings. Most of us are content to make them with the help 
of a boot box with a round hole the size and shape of a penny in 
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one end. The best smoke is made by putting in the box two little 
saucers, one containing concentrated hydrochloric acid, the 
other the strongest ammonia, the vapours of which mix and give a 
dense white smoke of particles of sal-ammoniac. If, however, 
these potent chemicals ate thought objectionable, smouldering 
brown paper can be put in a saucer in the box or the lid can be 
lifted at intervals and tobacco smoke blown into it. In any event,, 
when the lid of the box is tapped, a beautiful smoke ring issues 
from the hole. Look at a smoke-ring carefully; you will see that 
it is always turning itself inside out, like a rubber ring rolled 
down a broom stick. This motion gives us a clue as to why you 
get a smoke-ring by tapping the box. 

The tap shoots a column of smoke out of the hole. The 



Fig. 57. — Smoke-rings 
(From Sherwood 
Taylor’s Tbt Young 
Chemist^ by permis- 
sion of Messrs. 
Nelson.) 


inside goes out unhindered, but the edge of the box delays the 
outside. This sets the gas between the middle and edge spinning, 
and it “rolls” forward through the air just as a ball rolls along 
the table. The friction of the air slows it up, and after a time 
the spinning becomes slow and air currents blow the ring away. 


COMPRESSED AND UQUEFIED GASES 

Nearly all the machines or inventions that employ sdr use it 
for its compressibility. Pneumatic tyres, air-guns, pneumatic 
drills, chisels and riveters all make use of the fiux that pressure 
makes ait contract and that when the pressure is released, it 
ei^ands once mote. Air behaves like a perfect spring. 
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Air-cushions and air-mattresses are comfortable because they 
spread the pressure of the body evenly over it. If you sit on 
a small hard chair, the hundred pounds odd of your body is 
supported by the two bony projections from your pelvis (“isdiial 
tuberosities”) in your buttocks and these squeeze a layer of muscle 
and skin between themselves and the chair. If one is thin, the 
pressure on this muscle may be 20 or 30 lbs. per square inch. If 
one is fat, a thick layer of liquid fat may keep the bones away 
from the chair and distribute the pressure over perhaps a hundred 
square inches. This makes the pressure perhaps only one pound 
per square inch — which is much more comfortable. Now lie on 
an air mattress. The pressure on it is a hundred pounds, but it 
is spread over about six square feet (about a thousand square 
inches) so that the pressure on each square inch of the body is 
only one tenth of a pound. 

Air and all other gases are very compressible and if the pressures 
are not too enormous they are all equally compressible. It may 
seem odd that gases as different as oxygen, hydrogen, chlorine, 
and steam are all equally compressible, but the reason is not 
difficult to understand. 

It follows first from the fact that all molecules have the same 
average energy at any given temperature; in other words, any 
molecule at, say, 10® C., whether of oxygen or hydrogen or 
chlorine, on the average hits just as hard as any other. The light 
swift molecules of hydrogen on an average hit just as hard as 
the slow heavy ones of chlorine. Secondly, it follows from the 
interesting fact that the same volume of any gas contains the 
same number of molecules. In actual fact, a gallon of oxygen, 
hydrogen or any other gas at o® C. contains 1.23X10*^ 
(123 ,000,000,000,000,000,000,000) molecules. 

Very well, then, every gas contains (under the same conditions) 
just as many molecules as any other and every kind of molecule 
on the average hits just as hard as every other kind, and it is 
the blows of these molecules that are the pressure of a gas. If 
I sit on an air-cushion, why does it support me? The gas has no 
more substance in it than a swarm of gnats, but the myriads of 
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molecules arc beating against whatever restrains them with the 
speed of rifle bullets and it is the rain of tiny blows on the inside 
of the air cushion that supports me. 

Now suppose you put enough pressure on a gas to halve its 
volume— -to make a pint of it into half a pint. That half-pint 
has as many molecules in it as the pint had. There arc twice as 
many molecules in the gas, so it hits twice as many blows on a 
given area as it did when it was a pint. Accordingly, it is thrusting 
on its container twice as hard and it has twice the pressure. 

The rule then is, double the pressure and you will halve the 
volume— or in scientific language, “The volume of a gas at a 

given temperature is inversely as 
the pressure upon it.^’ This is 
called “Boyle^s Law,^’ after the 
famous Robert Boyle, who dis- 
covered it in 1662. Fig. 58 ex- 
presses very simply what happens 
if pressure is put upon any gas. 

But you may say — ‘Tf it is 
true that each time you double 
the load you halve the volume, it 
follows that a big enough load 
would make the gas disappear 
almost to nothing; where, in that case, would the molecules go?” 
The answer is that Boyle’s Law is only true at pressures which 
are not too high. 

The molecules are crowded by the pressure towards each other, 
and when they get very near to each other they get within the 
range of each other’s attraction. If the gas is one like carbon 
dioxide or sulphur dioxide, the crowded molecules may pull on 
each other so strongly that they hang together and the gas 
becomes a liquid. It is thus possible to turn many gases into 
liquids simply by compressing them. Ammonia, carbon dioxide, 
sulphur dioxide, chlorine and some other gases can easily be 
turned into liquids in this way. Any gas in fact can be turned 
into a liquid by compressing it — as long as it is not too hot. 



Fig. 58. — Showing how a gas Is in- 
fluenced by pressure in accordance 
with Boyle’s Law. 
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The jostling of the molecules, which we call heat, prevents the 
molecules clinging together and making a liquid; the attraction of 
the molecules pulls them together and causes them to make a liquid. 

If there is a strong attraction, as with ammonia or carbon 
dioxide, pressure will liquefy the gas even if fairly warm; but 
gases like oxygen or hydrogen can only be liquefied by pressure 
if their molecules are calmed down by a great deal of cooling. 
So, if we try to see what happens if we compress a gas to the 
greatest extent possible, we find that it starts by halving its volume 
each time we double the pressure. Then we begin to find it more 
than halves its volume when we double the pressure on account 
of the molecules attracting each other. Then either the gas 
collapses into a liquid or, if it is too hot to do this, increase of 
pressure drives the molecules still nearer and makes the volume 
smaller. Now the molecules get so close that they repel each 
other, and as their outer rings of electrons get nearer the repulsion 
between them gets huge and the gas becomes more and more 
difficult to compress and finally is incompressible as a liquid or 
a solid. The liquefying of gases is an important industry. A gas 
takes up severd hundred times as much room as it does in the 
form of a liquid and so if we want to send it by train, or ship it, 
it is best to send it as a liquid. Chlorine gas — the green poison- 
gas — is used for many quite beneficent purposes such as bleaching, 
making dyes, medicines, etc. A ton of chlorine as gas would 
have a volume of 422 cubic yards. It would take about forty 
railway trucks to hold it. 

If chlorine is compressed, it collapses to a greenish liquid, 
which is run into closed steel boilers mounted on railway wheels. 
A ton of chlorine as liquid occupies only one cubic yard. The 
chlorine under the pressure of some seven atmospheres (105 lbs. 
per I square inch) in the boiler remains liquid permanently. If the 
boiler were to be smashed up in a railway accident the effects 
would not be quite as disastrous as might be expected, for the 
evaporation of the liquid would cool it intensely and the gas 
woidd be but slowly evolved. 

Gases like oxygen and hydrogen will remain liquid only at 
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very low temperatures ( - 1 50“ to - 250* C.) and so it is almost 
as difficult to keep them liquid at ordinary temperatures as it 
would be to keep water liquid if the world were red-hotl Accord- 
ingly, we transport oxygen and hydrogen compressed in cylinders 
to 120 times the pressure of the air. If the cylinder holds i cubic 
foot, we can accordingly pack 120 cubic feet of gas into it. 
Higher pressures would be too dangerous. 

Air, oxygen and such other gases as cannot be liquefied by 
simp ly compressing them at ordinary temperatures are now 
easily liquefied on the large scale by what is called “regenerative 
cooling.” 



Fig. 59. — Liquefaction of air, very diagiammatically illustrated. Com- 
pressed air at room temperature enters at A and expands in the engine D, 

80 doing work at the expense of the energy of its molecules. The 
issuing cold air passes out through the tubes B, so cooling the incoming 
air before it reaches the engine. When the incoming air is so cold that 
it liquefies on expansion the liquid air collects at R. (Courtesy of 
Messrs. Dunod & Cie., from Qaude’s Air Uquide^ 

Gaz Rares.) 

To liquefy air, we want a temperature of - 185® C., compared 
to which the North Pole is a hot-house. Now cooling is just 
the slowing up of molecules: to liquefy air we want to slow 
up its molecules. How shall we do this? Well, if you want to 
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slow up a stream of water you can make it push a water-wheel 
roimd; if you want to slow a horse, let it pull a cart; if you want 
to slow a molecule, let it do some work and so part with some 
of its energy. The method finally adopted is this. First compress 
your air and let it cool down to room temperature. Then make 
your cold compressed air push the piston of an air engine round. 
The piston is speeded up only by slowing the mole^es down; 
in other words by cooling them. The air which comes out of 
the engine is at about - 50® C But this is not nearly cold enough; 
and this is where the clever trick comes in — ^we use this cold 
air to cool the compressed air before it reaches tibe engine. 
Our next lot of air reaches the cylinder at, say, - 40" C, and by 
pushing the piston slows down its own molecules ttid comes 
out at, say, - 90® C. This very cold ait cools the inooming air 
still more, so that ever colder air goes on coming into the cylinder 
and air much colder still leaves it, until quite soon - 180® C. is 
reached and the air liquefies. Liquid air boils at about - 185® C, 
and therefore boiling liquid ait is a very good means for making 
things extremely cold. 

Plate Vll shows some of the interesting properties of liquid 
air. In Plate VII, A, B, some mercury Im been poured into a 
circular groove and frozen to a solid ring by pouring liquid air on 
it. The ring when dipped in water freezes on to itself a layer of 
ice and at the same time melts to liquid mercury which can be 
seen flowing away. Any moist substance freezes to a stony 
hardness: grapes and flowers (Plate VII, C, D) which have been 
frozen in liquid air can be broken with a hammer as if they were 
made of gl^s. Indiarubber cooled in this way is as brittle as 
sealing-wax (Plate VII, E). Despite its intense cold liquid air can 
safely be poured over an unprotected hand (Plate 'N^I, P): the 
warm hand makes the liquid air evaporate to gas and make a 
nonconducting cushion between itself and the palm. Ait contains 
nitrogen and oxygen: since the nitrogen evaporates more quickly 
than the oxygen, the liquid after standing consists mainly of 
liquid oxygen. Oxygen is the gas which combines with sub- 
stances when lh^ bum. In Plate VII, G, a cigarette has been 
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soaked in liquid oxygen at - 185® C. In spite of this mote than 
Arctic cold it blazes so furiously when lighted that it is consumed 
in a few seconds. 

A final curious effect of liquid air is to make many dark-coloured 
substances paler. Sulphur (Plate VII, H) becomes snow-white 
when cooled in liquid air: when it is allowed to warm up it 
becomes yellow once more. 

Just as we can cool a gas by making it do work, so we can 
heat it by doing work upon it. Suppose, instead of letting the 
gas push the piston, we apply power to the piston and make it 
push the gas. This speeds up its molecules and makes it hot. It 
follows, then, that if we compress a gas it becomes hotter. The 
best example of this is seen in a bicycle pump, which becomes 
very warm when a tyre is inflated. You might think this was 
due to the friction of the piston, but if you try working the 
pump without a tyre, you will find it does not heat up noticeably. 
Another very different example is the Fohn wind. If the wind 
blows from the top of a high mountain where pressure is low 
to the bottom where pressure is high, the air in the wind becomes 
compressed and gets much warmer. A warm wind of this kind 
is often experienced in Switzerland and is called a Fohn. The 
same thing is often found in Canada, where the wind blows 
from the top of the Rockies to the plain below; two feet of snow 
have sometimes been melted in a single day by it. 

The expansion of a compressed gas is used in driving steam- 
engines, petrol-engines, hot-air engines, etc., but these may be 
left till pages ^61-275. The air-gun and explosives will give us 
sufficient examples for the present. An air-gun is an arrangement 
by which air is pumped into a receiver and then used to force a 
lead slug out of the barrel of a gun. Its efficiency is only limited 
by the pressure of the air it contains. 

The ordinary rifle also works by compressed gas and makes 
this gas in the cartridge. A cartridge is a box of some fairly 
soft metal containing at the base a cap filled with some explosive 
which goes off very easily when struck. The body of the cartridge 
contains some comparatively slowly burning explosive like cordite 



Gases 


»J9 

which is mainly guncotton, a substance made by soaking cotton 
in a mixture of nitric and sulphuric acids. Now, a molecule of 
guncotton is a string of units each of which contains six atoms 
of carbon, seven atoms of hydrogen, three atoms of nitrogen 
and nine atoms of oxygen, all stuck together in an insecure 
fashion. The chemistry of explosives is considered again on pp. 
63 5 “637- Let ^ flame once touch it or let it receive a really 
hard blow and the unit breaks up into some ten molecules of 
various gases, carbon monoxide, steam, nitrogen, etc. 

Now you can put a gram of cordite in a cubic centimetre space. 
But the gram of mixed gases it turns into would at atmospheric 
pressure and temperature occupy about a thousand cubic centi- 
metres of space. But the heat of the cordite flame is near two 
thousand degrees centigrade, so that the gas would be greatly 
expanded and would occupy several thousand cubic cendmetresl 
The result of several thousand cubic centimetres of gas, being 
produced in a cartridge which holds only one cubic centimetre, 
is an enormous pressure. In a modern rifle, the maximum 
pressure on the base of the bullet is not far from a weight of two 
tons, and consequently the expanding gas drives it out of the 
barrel and, bursting forth behind it, makes a wave of compressed 
gas which, when it presses on the drums of our ears, we hear as a 
report. Plate VI shows a triumph of photography, a picture of a 
bullet leaving a rifle. The photo was taken by the light of an 
electric spark. The bullet and the compression wave are very 
clearly seen. 

Gases expand very largely when they are heated. We saw that 
a cubic foot of steel expanded by 5 cubic inches when heated 
from o® C. to 78® C., while a cubic foot of alcohol expanded 
150 cubic inches over the same range. A cubic foot of air when 
heated from o® C. to 78® C, expands by no less than 495 cubic 
inches. An interesting thing is that all gases expand to exactly 
the same extent when heated under the same conditions, which 
is by no means true for liquids or solids. When a liquid or solid 
is heated and expands there are two forces at work. The mole- 
cules are speeded up and so tend to swing in bigger orbits or 
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to get further from each other. This effect is the same for ail 
solids or liquids. But the attraction of the molecules opposes 
this effect; consequently substances whose molecules attract each 
other strongly will expand little and vice versa. But the molecules 
of gases are too far from each other to attract each other appre- 
ciably, so the effect of heating them is simply to increase the 
speed and energy of the molecules and make them bounce off 
each other harder and so fly farther apart. As the same rise 
of temperature means the same increase of energy, all gases 
expand equally. 

The expansion of gases is very large, but it is not very useful 
for measuring temperatures because they expand and contract 
not only when the temperature alters but also when the air 
pressure alters. The expansion of a gas is sometimes used to 
measure rather high or very low temperatures and also for very 
accurate work. An air thermometer is rather a difficult affair to 
handle, and it is used only in the laboratory. 

The expansion of a gas is easy enough to see. Hold a toy 
balloon (filled with air, not hydrogen) near the fire and you will see 
it swell up and grow tighter and larger. Put an empty bottle in 
hot water, take it out and cork it; let it get cold, pull out the cork, 
and you will hear the air hissing past the cork as you remove it. 

A gas expands very much when it is heated and air conse- 
quently gets lighter (less dense) when heated. The most obvious 
example of this is the obsolete hot air balloon, the first machine 
which took an adventurous man into the air. If a balloon is to 
float in the air, it must weigh just the same as the air whose place 
it is taking. If the envelope of the balloon, the car and its occu- 
pants weigh 400 lbs., then the air or gas in the balloon must be 
400 lbs. lighter than the same bulk of outside air. 

Now, suppose we warm some air from 20® C. to 100® C. It 

expands to — of its volume, or in other words 293 lbs. of the 
293 

hot air take up the same room as 373 lbs. of outside air. So that 
293 lbs. of hot air and 80 lbs. of envelope, man, etc., will together 
just float in air at 20® C. 
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So 5 X 293 lbs. of hot air would lift 5 x 80 (or 400) lbs. of 
balloon and occupants. Now 1465 lbs. of hot air is a lot. A 
pound of hot air occupies about twenty-five cubic feet, so the 
balloon, to lift 400 lbs., would have to hold about 37,000 cubic 
feet, which means that if the balloon was round it would be 
about 40 feet in diameter, not an impossible demand. The first 
hot-air balloon was lifted by a fire of chopped straw burnt 
beneath the opening of the balloon. The obvious danger was fire; 
consequently hydrogen, much lighter than any hot ait, has been 
used in balloons for the last hundred years and more. The 
inflammability of hydrogen is a serious danger in airships pro- 
pelled by internal combustion engines: consequently, in the 
U.S.A. where the light and non-inflammable gas helium can be 
cheaply made from natural gas (p. 228), airships have been filled 
with it. In Europe the cost was prohibitive. The airship, in feet, 
proved to have other disadvantages besides its inflammability — 
notably its susceptibility to storm-damage. To-day (1949) liey 
arc no longer in use. 

Hot air balloons are still seen at firework shows, and a well- 
known paper toy sold in crackers ascends nobly to the ceiling 
by the same means. The sounding-balloon (p. 726B) is still the 
best means of studying conditions at high altitudes. 

The lightness of hot air has many fer more important uses. 
It makes the smoke go up the chimney, the "fug” in a hot room 
go to the ceiling, and carries smoke away from our towns. The 
pilot of an aeroplane or glider flying from a cool grass meadow 
over a baking hot piece of ploughland feels a current of warm 
air carry him up with it, and the pilot of a glider uses these 
currents to gain height. Cold air, of course, also tends to sink. 
You would expect that a garden at the bottom of a valley would 
feel less frost than one on a hill, but actually the cold air flows 
down to it, and it has the worst feosts of alL 
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POWER 

CHAPTER VII 
Speed 

RELATIVE SPEED 

T he first and most obvious thing about all the elaborate 
machinery by which our civilised world is run is that it 
moves. In a sense, we can think of nearly all machines as being 
arrangements for turning one sort of motion into another sort. 

A trip-hammer turns the round-and-round motion of a pulley 
into the up-and-down motion of a hammer; a typewriter turns the 
pressure on a key into a sharp accurate rap with the type-face 
followed by a shift of the carriage; a pump converts the rotatory 
motion of a wheel into the motion of water along a pipe. 

If we are to understand machinery, then, we must know 
something about motion. 

There are four chief things we can say about a moving thing. 
First, how fast is it moving? Second, is it speeding up, slowing 
down or remaining at a steady speed? Third, in what Erection is 
it moving? Fourth, how much matter is moving? 

First of all, let us think about speed, and let us take a car as the 
object moving—for you cannot think of motion without some- 
thing which moves 

How fast is the car moving? You look at the speedometer and 
say **35 miles per hour,” by which you mean, that if the car 
went on at its present speed in a straight line for an hour, it would 
be 35 miles distant from its present position. This seems all 
right until someone says **The earth is spinning so fast that a 
stationary car on its surface is moving at about 700 miles an 
hour: your car is going due west, so really it is travelling at 
700 - 35, that is, 665 miles an hour backwards.^" 


*4* 
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High speed timing ecjuip- 
ment used for the World Air 
Speed Record, 1945. 'fhe 
aeroplane and a special type 
clock-dial are photographed 
at the same time. {Cromi 
copvrijih/. By courtesy ('if the 
Controller of I l.M. 

Stationery Office.; 


(Above) 'Ific gyrosce>pe docs not 
fall because it resists the tendency 
of gravity to alter the angle of its 
axis. The downward force makes 
it preccss anti-clockwise. (Be/ow) 
A gyroscope balancing on a taut 
wire. (By courtesy of Messrs. 

Griffin & Tatlock, Ltd.) 
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Fig. 6o. — Relative velocity. 


You find it 
hard to deny 
this until some- 
one says, “But 
the earth is 
travelling once 
a year round the 
sun, in an orbit 
ninety-three mil- 
lion miles in 
radius. It is 
therefore going 
at the rate of 
43,000 miles an 
hour and, as the 
time is midday, 
this speed is 
carrying the car 
forward at the 
rate of 43,000 - 


665 or 42,335 miles an hour.” 

‘^No,” says the third hearer, ‘‘for the whole solar system is 
drifting through space towards the star Vega at 45,000 m.p.h., 
and consequently the car’s speed is 87,335 m.p.h. 

“But,” says the fourth, “arc you sure that the stars, by the shift 
of which we judge the sun’s drift, are really still? They may all be 
moving away from us at 10,000 miles an hour. If this is so, we 
must be going io,ooo miles per hour quicker than we think.” 

The moral of all this is, that there is no possibility of saying 
at what speed a thing is moving. All you can say is how much 
faster it is going than something else. 

The car is moving at 3 5 miles an hour relative to the earth’s 
surface. By this, we mean, that if we drive a peg in the earth at 
the beginning of the hour and let the car move at the same pace 
for an hour, then drive another peg, they will be 35 miles, 
measured along the earth’s surface, apart. The surface of the 
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earth is moving at 700 miles an hour relative to its centre. This is 
a little more complicated. 

Suppose we imagine a rigid stationary framework built roxmd 
the earth and the centre of the earth fixed to it; a mark is made on 
framework opposite, say, the spire of Salisbury cathedral. An 
hour later, another mark is made on the framework opposite the 
new position of the spire. If these were 700 miles apart, the spire 
would be travelling at 700 miles an hour relatively to the 
centre. 

Again imagine a vast scaffolding erected, fixed to the sun’s 
centre, and moving with it (if the sun does move). Mark the 
position of Paddington station on this framework at 10 a.m. and 
again at 1 1 a.m. If the two marks are 40,000 miles apart, the earth 
is moving at a speed of 40,000 miles per hour relative to the 
sun. 

All this leads up to the very odd conclusion that there is no 
absolute motion. There is no difference whatever between not 
moving at all and moving steadily at, say, a million miles an hour 
as long as everything else is moving with you at the same speed. 
If the earth is dashing through space at twelve miles a second, it 
makes no difference to anything on the earth as long as it meets 
nothing from outside the earthl 

Still more, suppose the earth and something else, say a meteor, 
were alone in space and getting nearer to each other at 20 miles a 
second. Is there any means whatever by which we can tell if the 
earth were still and the meteor, which is going to hit it, were 
going at 20 miles a second; or whether the earth were going at 
20 miles a second and the meteor were still? The crash would 
be just the same, and there would be no way of telling which 
were moving: for this and other reasons. Science has come to the 
opinion that there is no such thing as speed, pure and simple, but 
only relative speed. Most speeds in everyday life are measured 
relatively to the surface of the earth, and it is mostly in astrono- 
mical matters that the question of relative motion arises. 
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MEASUEONG SPEED 

We measure speed as a rule in miles or kilometres per hour. 
Engineers often measure it in feet per second, and men of science 
usually in centimetres per second. 

Many different arrangements are used for measuring speeds. 
In most of them, we time something over a distance and so have 
to measure a time and a distance. 

Perhaps the simplest case of speed measurement is the timing 
of the winner of a race. The judge tests his watch to see if it is 
accurate. He starts it as he sees or hears the gim and stops it as the 
runner crosses the line. In this way, the time is measured to J 
of a second. The distance is measured with a tape measure or 
better with a surveyor’s chain which docs not stretch. If the 
runner goes loo yards in lo seconds, he would go (if he could 

run for an hour at the same pace) ^ yards 20 

10 

miles in an hour. But we have not really measured the runner’s 
speed at any moment: we have only measured the speed at which 
he would have moved if he had run from start to finish at the 
same pace. This is true of almost all speed measurements: they all 
measure the average speed of something over some given 
distance. 

The simple method of timing which depends on a man’s eye 
and a stopwatch is now not considered good enough even for 
timing important athletic events, let alone very high-speed 
events like the world’s land or air speed records. In 1935, Sir 
Malcolm Campbell broke the world’s land-speed record with an 
average speed of 301. 129 m.p.h. over a measured mile. This 
speed was the average of two runs in opposite directions, as is 
required for such a record. An error was made by which his time 
for one run was given as 12.18 seconds instead of 12.08, The 
latter figure gave 298.013 m.p.h. for this run, the former gave 
295.366. Thus a difference of only second made a difference 
of 2.447 m.p.h. in the result. No one can judge time by a stop- 
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watch closer than to ^ second; consequently, a stopwatch is 
useless for high-speed work. 

Athletic events and others where the speed is not too great for 
high speed photography can be timed by taking on the same film a 
high speed cinema film of the runners and an accurate chrono- 
meterl When the film is developed it is quite easy to see the time 
when the winner crossed the finishing line. Plate VIII shows 
such a record 

The electric current moves so nearly instantaneously that it 
gives us the best way of timing anything, such as a car, which 
moves extremely fast. If we can make the moving car switch on a 
current at the beginning of the measured mile and do the same at 
the end, we can make these currents register themselves. 

In one form of this apparatus (Fig. 6i), a ribbon of paper is 
drawn steadily along by a clockwork motor: two pens rest on it 
and draw two straight lines. The near pen is drawn aside exactly 
every half second by an electromagnet which receives an impulse 
of electric current through a switch which is opened and shut by 
an accurate clock. So, as the paper is drawn underneath it, the 
near pen draws a line with a series of kinks, each of which was 

made just half a second 
after the last. The other 
pen is pulled sideways by a 
spring, but just held from 
moving by a strong per- 
manent magnet. This 
magnet has insulated wire 
coiled round it in such a 
way that when the current 
flows through the wire, it 
is oppositely magnetised 
and so ceases to be a 
magnet for the moment. 
The coils are joined to 
wires which go through 2 
or 3 dry cells (not shown) 
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to “contact strips” lying on the track at the beginning and end of 
the measured mile. 

These strips arc long closed rubber tubes with two brass strips 
attached to ihcit inside surfaces and, therefore, kept apart by the 
air-pressure. When the car runs over the first, the brass strips 
touch and the current flows instantly through them and the 
battery to the magnet coils. The coils demagnetise the magnet 
for a moment and it can no longer hold the pen which flics 
off and makes a mark across the moving strip. Other magnets 
then at once pull the pen back to where it was before. >^en 
the car crosses the second strip, the same thing happens again 
and another mark is made on the strip. By counting the half- 
second kinks between the two marks, the time is known to the 
nearest half second. If the timing marks come between two half- 
second kinks, we can measure the distance from the mark to the 



Fig. 62. — speedometer. The goyemor turns with the shaft connected 
directly or indirectly to the wheels. The weights on it fly outward and 
draw backwards the lever, which carries the toothed quadrant, which in 
its turn operates the hand on the dial. The milea^ counter (inset) 
gives a good example of the use of worm gearing 186) to reduce 
speed. (Courtesy of Mofiir Q/cHng^ 
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kink to one hundredth of an inch. The “kinks” are two inches 
apart, so it is possible to measure the time to ^^c^th of a 
second. 

The ordinary speedometer has a shaft, connected by some form 
of gearing to the transmission or to the wheels of a car, and it 
measures the speed at which this shaft is turning. 

In the instrument shown in Fig. 6z the four weights hinged 
to tne mrning shaft fly outward against tlie pressure of a spring 
as tlie result of the “centrifugal force.” These weights by so doing 
operate the gearing moving the hand on the dial. 

In other patterns of speedometer the turning shaft operates a 
little dynamo and generates electricity. The greater the speed, 
the higher is the voltage. This is measured by a voltmeter the 
dial of which is marked in miles per hour instead of volts. 

The only man-made object flister than a racing car or aeroplane 
IS a rifle bullet, shell, or rocket. The arrangement used for car 
timing can be employed for a bullet, which is made to cut two 
electric wires. There are two ways of timing bullets which are 

easier to use than this. 
In the first method, 
two paper discs (Fig, 
63) are spun round 
very rapi^y on the 
same shaft and the 
bullet is fired through 
both of them. Be- 
tween the time it goes 
through the first and 
second, the discs will 
turn a little and the 
holes in the two discs will not be exactly opposite each other, and 
will show how far the discs have moved. Thus, in an actual 
example, the discs spun at the rate of 53 turns a second. The 
distance between them was a foot and Ae position of the holes 
showed that the discs had made turn while the bullet travelled 

between them. One turn takes of a second, so of a turn 



Fig. 63. — Timing a revolver bullet. 
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takes wV X tV of a second, so in . seconds the bullet goes a 

M X 55 

foot and in a second it goes 24 X 55 feet = 1520 feet; 1,520 
feet per second is 900 miles per hour. This is slow; for some 
bullets travel at speeds of 3,000 feet per second, or even more. 

All the methods we have described measure the average speed 
of something over a distance: there are one or two ways of 
measuring the speed of a thing at a particular moment. The 
first is simple. Let it collide with something and see how hard it 
hits! This would not be of much use for a racing car, but it does 
very well for a bullet! If the bullet is fired so that it beds itself 
in the wooden face of a heavy pendulum slung in the particular 
way shown in Fig. 64, the faster the bullet is travelling, the 
further the pendulum will be swung backward. The distance it 
swings can be measured by letting it push a brass rod (R) back 
over a scale. Suppose the 
pendulum weighs 120 lbs., 
and the bullet lb., and 
the pendulum took | 
second to swing from 
right to left and it was 
pushed back three inches 
by the blow of the bullet 
then not very difficult 
mathematics show the 
speed of the bullet to 
be 

X =2,011 feet per second. 

yV 7X12XI 

One of the most important speeds to measure — and one of the 
most difficult — is the speed of a ship. It is quite easy to time a ship, 
but it is not at all easy to tell how far it has gone. In cloudy 
weather there may be no chance of seeing the stars or sun, from 
which the position of the ship can be calculated. Unless wireless 
signals or radar can be employed, the captain must judge where he 
is by plotting out on the chart, first his direction (from the com< 



Fig. 64. — ^Measuring a bullet’s speed by a 
ballistic pendulum. 
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pass readings), then the distance, which he gets from the time 
he has travelled and the speed. The speed is measured by throw- 
ing the "log’’ overboard. 

The oldest method is to throw overboard the log-ship, which 
is a piece of wood weighted with lead to keep it upright in the 
sea. It is assumed that will remain still relative to the water. 

To the log-ship is attached a thin line which leads to the ship. 
The line is then allowed to run out from a reel and enough line is 
first run out to leave the log-ship clear of the ship’s wake. The 
line has a knot on it every 47 ft. 3 inches, and the number of 
knots that pass through the officer’s hand in 28 seconds (measured 
by an hour glass) is counted. Now 47 ft. 3 in. in 28 seconds 
is I nautical mile (6,080 feet) an hour, so that, if say, 6 knots run 
out in 28 seconds, the ship is going 6 nautical miles an hour — 
(“six knots”). 

The log-ship is nowadays only used on small boats and various 
automatic logs arc now preferred. Forbes’ log is a better arrange- 
ment. A tube is set in the hull so that, as the ship moves, water 
enters at the forward opening, turns a little propeller inside the 
tube and returns to the sea by an opening further aft. The speed 
of the propeller will depend on the flow of water which again 
depends on the speed of the ship. Each time the propeller turns 
it sends an electric impulse to a counting dial, so registering the 
distance the ship has gone: it also works a little electric dynamo, 
the voltage of the current from which depends on the number of 
revolutions it makes: this current operates a voltmeter, the 
needle of which shows the speed of the sWp in knots. 

By these methods the speed of the ship relative to the sea is got. 
But the sea is always moving over the earth, and so the ship 
which the captain has found to be travelling, say, at 12 knots 
faster than the sea, may be in a contrary current of 4 knots, and 
so be travelling at 8 knots only relatively to the sea bottom. 

In shallow water, a ground-log which sticks to the bottom can 
be used, but in deep water, the currents must be looked out on 
the chart and due allowance made. The fact that currents varv 
with wind and tide makes “dead-reckoning” — as this way ot 
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finding a ship’s position is called — a rather uncertain one and 
many good ships have been lost through trusting it too well. 

Is there any limit to speed? Relative speed is the only speed 
we know anything about. The slowest speed possible is ob- 
viously rest: but the quickest speed? At one time it was thought 
that there was no reason why two objects should not be moving 
towards or away from each other with any speed however 
enormous. Einstein, however, showed that no speed relative to 
the observer could be greater than that of light: 186,300 miles per 
second. The arguments for this are such as a book of this kind 
cannot give, but it seems quite certain that if m measure time and 
distance by light signals as we do in astronomy — and on earth as a 
rule — the velocity of light is the maximum one which can be 
observed. 

There is real experimental evidence for this. If we measure the 
speed and mass of an electron travelling at enormous speeds of, 
say, 20,000 to 180,000 miles a second, we find that the faster it 
goes, the more massive (heavier) it becomes, and from the 
figures we can work out that if it went at the speed of light, its 
mass would become infinite. Qearly, its mass cannot be more 
than infinite, so it cannot go more than 186,500 miles a second. 
Now, all matter is made, partly at least, of electrons: so nothing 
can go faster than light. 

It should not be difficult to sec that it is not possible to dis- 
tinguish uniform motion from rest. St. Paul’s is at rest, relative to 
the earth’s surface but in rapid motion relative to the sun: It is, 
therefore, both at rest and in uniform motion and there is no 
reason to prefer the view from the earth to the view from the sun. 
It is easy to sec that a thing “at rest” remains so until some force 
acts on it and puts it in motion. But a thing at rest relatively to 
one body may be in rapid uniform motion relatively to another! 
It must then be clear that a body in uniform motion remains 
moving uniformly until some force is exercised either to speed it 
up or slow it down. This is always a little difficult to picture, 
because, on earth, everything that moves has a force tending to 
stop it — ^the force of friction. As a thing moves, it touches other 
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things and sets their molecules moving too, and in this way it 
parts with some of its motion to the molecules around it. It 
consequently slows down and the surrounding molecules speed 
up or in other words become hot. But, suppose, there was no 
force to impede the thing and no molecule to collide with it, why 
should it ever stop? 


FORCE 


We have already said that a thing remains at rest or moves 
uniformly until a force speeds it up or slows it down. This gives 
us a chance to define what a Force is. 

A Force acting on a body is defined as that which tends to 
increase or diminish its speed in any particular direction. We can 
most easily see what is meant by a force if we think about the 
force which the pull of the earth exerts on, say, a pound weight. 
If you release a pound weight — drop it — ^it always goes in the 
same direction — that is to say, towards the centre of the earth. 
This gives us the first point, that a force is directed. 



Fic. 65. — ^Lincs of gravitational force between 
the c^h and moon. (The effect of the sun’s 
gravitation is here neglected.) 


The direction in which 
a body is pulled, by a 
particular force, is called a 
line of force. Thus 
(neglecting the attraction 
of the sun and moon) 
bodies fall straight to- 
wards the centre of tlie 
earth. We can picture 
then the earth as sur- 
rounded by lines of force 
radiating out from its 
centre. (Fig. 65). But 
suppose the attraction of 


the moon comes in also. This is very feeble at the earth’s surface 
(only about 29000 earth’s attraction): in the same way 
the earth s attraction is rather feeble at the moon’s surface — 
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about a hundredth of the moon’s attraction. Even this means 
that a man on the moon (if there were one) who could jump 
eight foot four in height — an easy task on the moon — when 
the earth was overhead, could only jump eight foot two when it 
was underfoot. On earth, high jumpers don’t bother about 
choosing a time when the moon is overhead, for it would only 
give them about an extra two-hundred-and-fiftieth of an inch. 

But both the earth and the moon would pull quite strongly on 
a body between them, and Fig. 65 shows the “lines of force” 
around them. Of course these lines are not really there, but just 
show which way a heavy object like a brick would travel if 
released at any point. The real “gravitational field” is more 
complicated because the attractions of the sun and the other 
planets have to be taken into account. 

The next point about a force is that it causes the body it 
acts on to accelerate — that is to go faster and faster — or decelerate 
— go slower and slower. Consider again what happens if you 
drop a pound-weight. The weight moves more and more 
rapidly as time goes on. If it is dropped (in a vacuum, the air 
exerts a force on the weight and complicates things), it is falling 
at the speed of 32 feet per second at the end of the first second, 64 
feet per second at the end of the next second, 96 feet per second 
at the end of the next second. At the end of each second, it is 
moving 52 feet per second faster than at the end of the second 
before. We express this by saying that it has an acceleration of 
32 feet per second per second. On the moon, which is lighter 
and attracts things more feebly, it would be moving at 5 feet per 
second at the end of the first second, at 10 feet per second at the 
end of the next second, 1 5 feet per second at the end of the third. 
The acceleration would be 5 feet per second per second. Pretty 
clearly, the stronger the force, the more rapidly it will speed a 
given thing up or slow it down, and we measure forces in this 
way. The usual unit of force is, in England, a pound-weight— 
the force which would make a thing weighing a pound speed up 
at the same rate as if it were falling in a vacuum (32 feet per 
second per second): the scientific unit is a the force which 
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would make a gram of anjrthing go, at the end of each second, i 
centimetre per second faster than it went at the end of the second 
before. 


HOW THINGS FALL 

The study of the way things fall gives us a good idea of how a 
force acts. 

Suppose we drop our pound weight over a precipice (imagining 
the air away). At the end of the first second, it will be going at the 
rate of 32 feet per second and it will steadily speed up; there 
is no obvious reason why it should not go on falling faster and 
faster as long as the pull of the earth remains the same. In 
actual fact, this never happens: the air makes the weight speed up 
less quickly, and the quicker it goes, the more does the air’s effect 
on it increase. Roughly, if the weight doubles its speed, the air 
quadruples its resistance: if the weight goes a hundred times as 
fast, the air resists it a hundred hundred — ^ten thousand times as 
much. The result is, that every falling body finally reaches a state 
when the air slows it down just as much as the pull of the earth 
speeds it up. You can see this very easily with a toy balloon 
which has only a small weight but has a big area and therefore a 
large air-resistance. If you release it, it falls more and more 
quickly for a few inches; then drops at a steady pace. 

The same is true of very small rain drops. They have often 
fallen a mile but are not going any faster than the eye can follow. 
The calculation of this ‘‘terminal velocity” is rather complicated, 
because so many things have to be allowed for; but for a perfectly 
smooth ball the following rule holds pretty closely. 

Multiply the radius of the ball (half the diameter in centimetres) 
by itself: multiply the answer by the density of the ball (the 
number of times it is heavier than the same bulk of water) and 
multiply the answer by 1,220,000. The answer is the greatest 
speed (in centimetres a second) the ball can reach, if it falls 
through ordinary air. First let us consider a tiny droplet of water 
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such as makes up a country mist. It may be /^th of a millimetre 
in diameter, that is, jxmu radius. Its density is one. So the 

utmost speed it will reach is 

-i- X — X 1,220,000 — 1.22 cm. a second. 

1000 1000 

ihus, a droplet like this takes about two seconds to drop an 
inch. In actual fact, movements of the air are always stirring up 
the mist and the droplets hardly settle out at all. 

Next, take a raindrop about two millimetres of an inch) in 
diameter. Its radius is a tenth of a centimetre, and consequently 
its terminal velocity is X X 1,220,000 = 12,200 cm. per 
second. This is about 274 miles an hour. As a matter of fact, a 
raindrop never reaches this speed because the air pushes it out of 
shape and it is never a perfectly round ball. A sphere falls faster 
than an object of any other shape. 

Finally, consider an iron ball about the size of a tennis ball: 
(diameter 6 cm., density 7). It would reach a speed of 5 X 3 X 7 X 
1,220,000 cm. per second — about four hundred and fifty miles a 
second. Actually, this could not be reached because the force of 
gravity of the earth gets weaker as we get farther from the earth, 
and to get up this speed the ball would have to fall for twenty 
million miles with the earth pulling all the way as hard as it does 
at its surface. 

But these rough calculations and all experiments on falling 
bodies combine to show that everything falling through air, or 
water, in fact any gas or liquid, can reach a certain speed in falling 
and cannot exceed it. This has a great importance to animals. 
An animal is a bad shape for quick falling, and its fur or feathers 
or hairs give it a big air resistance. A caterpillar can fall from the 
highest tree and will never fall fast enough to hurt itself when it 
lands. Even a mouse will get only a severe bump which will not 
be enough to kill it. A cat can fall a long way and get only a 
severe shaking. Even a large dog can jump from a window 20 
feet high and not break a bone. A man, on the other hand, is 
likely to damage himself by a ten-foot fall. 

A daring parachutist has jumped from an aeroplane five miles 
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up, and only pulled the cord releasing the parachute when a mile 
from the ground. He foimd that he reached a velocity of about 
140 miles an hour, but actually slowed up to no miles an hour 
when he got to the denser air a mile and a half above the earth. 
This shows that a man who throws himself from an aeroplane 
falls no harder than a man who jumps out of a racing car and 
accounts for the fact that men sometimes survive the most 
surprising falls. 

In a vacuum, which obviously offers no resistance to a fall, aU 
objects, light or heavy, fall at the same speed and the caterpillar 
would hit the ground with as severe a bump — ^in proportion to its 
weight — as the elephant. 

In water, on the other hand, the resistance to motion is far 
greater than in air and no creature can sink (by its own weight) 
fast enough to damage itself on the bottom. 

We have thought about what happens when things fall: of 
more practical interest is what happens when they are thrown or 
otherwise projected into space. Leaving aside the resistance of 
the air, if a thing is thrown straight upwards, its upward speed 
gets less at the end of each successive second by 52 feet a second. 
Thus, if a rifle bullet was fired at 5,200 feet per second straight 
upward, after a hundred seconds its speed would be nil, and it 
would start to fall. It can be calculated that it would reach a 
height of about 30 tnilcsl Acttially, the air resistance is very 
large indeed, and such a bullet would probably not go more than 
ten or fifteen miles up. However, we do not often want to hurl 
things straight into &e air, but we do very often want to hurl 
them at something. 

Take the case of man on a flat plain, a thousand yards from a 
target he is trying to hit with a rifle. The moment the bullet 
leaves the rifle it will start to fall and it will fall all the time it is 
travelling to the target. We will leave out the air resistance for 
the moment and suppose that the bullet does not slow down on 
the way. The bullet we may consider to move at 3,000 feet 
per second, so it will take one second to reach the target. But 
in a second a bullet fails sixteen feet, so if the rifle is pointed at 



Spt$d 157 

the bullseye, the bullet will hit Ae ground. To keep it at the 
right height, we must fire the bullet a little upwards so that it will 
rise for the first half of the journey and then drop just enough to 
reach the level of the target at the end of the second. It clearly 
ought to be at the highest point half-way along its course. 

A bullet (or anything else in a vacuum) falls four feet in half a 
second, so the rifle must be pointed so that the bullet starts 
forward at 3,000 feet a second and upward at the right pace to carry 
it up just four feet before it starts to fall. This pace can be 
worked out to be sixteen feet a second. If the barrel is 3 feet 
long, the bullet is in it for second. If it is to go up at the 

rate of sixteen feet a second, it must go up 
xuntyth second, or nearly one fifth of an inch white it traverses 
the 3 feet of barrel. So the end of the barrel must be | of an inch 
higher than the breech and this would be assured by making the 
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Fig. 66. — ^Thc paths of a bullet fired at 1 500 feet per second and at an 
angle of to the horizontal in a vacuum (upper curve) and 
in air (lower curve). The heights arc drawn on a larger scale 
than the ranges in order to exaggerate the height of the curves 
and so make their shapes clearer. 

backsight (as adjusted for 1,000 yards range) higher than the 
foresight. The bullet does not go straight to the target, but 
moves in a curve all the time it is going forward: at first it goes 
quickly up, then more slowly till at the top it neither rises nor 
falls but goes straight on. Then it begins to fall and the curve 
starts to drop more and more quickly. This kind of curve is 
called a parabola. You can see it very well when a cricket ball is hit 
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into the air or when a firehose is played on a building. Actually, 
the path of a bullet or cricket ball is not a true parabola, because 
instead of going evenly forward at the same pace, it slows up 
owing to the friction of the air. The end of the curve is therefore 
steeper than the beginning, as Figure 66 shows. 

A small heavy slowly moving object like a steel bicycle ball is 
least affected by air resistance: a large light object like a toy 
balloon or a very swift object like a bullet is most affected. 

The most remarkable success in avoiding the air resistance 
which slows down projectiles was attained by ‘‘Big Bertha,” 
the gun which shelled Paris from 76 miles away. It succeeded in 
hurling a shell, weighing 264 lbs., this enormous distance by 
shooting it into the upper air. The shell at the top of its course 
was twenty-four miles above the ground and for 5 5 out of the 76 
miles it travelled through the upper air which had a tenth of the 
density and therefore only a tenth of the resistance of ordinary 
air. To get the shell quickly into the upper air, it was fired at an 
angle of 5 5° to the horizontal with the enormous velocity of just 
on a mile a second. The gun itself was very long, so that the 
force of the explosion acted on the shell for as long as possible, 
and the explosive charge was rather bigger than in most heavy 
guns. It was not very much use as a weapon, as it fired only 
forty-eight quite small shells before it needed reboring. This 
method of long-distance warfare was accordingly abandoned in 
favour of self-propelled projectiles — flying-bombs and rockets. 

GRAVITATION 

We have talked a good deal about the pull of the earth or 
gravitation without much attempt to explain it. It is, indeed, very 
dilficult to explain. Everything attracts everything else, and “the 
force of attraction between two masses varies inversely as the 
square of the distance.” This is a neat way of saying that if the 
force of attraction between two masses is one unit when they arc 
25 feet apart, it will be x units (625 units) when they are 
one foot apart and x xVu (tV when they are 100 
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feet apart. This is Newton’s 
Law of Gravitation, and is the 
foundation of astronomy. 
Einstein’s work has slightly 
modified it by saying the “dis- 
tance” must be measured along 
“world-lines,” which may be 
slightly curved when near very 
heavy objects like the sun. But 



Fig. 67. — Illustrating the distance- 
squaie principle. 


no one has explained Gravitation yet, and it seems in many ways 
quite unlike the other attractive forces that we know (electrical 
and magnetic). Gravitation is a very feeble force, and is most 
difficult to measure unless one of the attracting masses is a vast 
body like the earth. It is rather important, however, to know how 


much two objects attract each other because in that way we can 


weigh the Earth. 

Suppose a lead ball A weighs a ton (a million grams), and its 
centre is a metre from the centre of another ball B, which is 


about as big as a large shot and weighs a gram. Now the ball B is 
attracting the eartW with a pull equal to its own weight (i gm. 
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weight) and it is attracting the lead ball A with a pull which we 
can measure or calculate from the results of the experiment 
described below; we will suppose it is ^ gram’s 

weight. Now if the centre of the earth and the centre of the ball A 
were at equal distances from the ball B, the earth would be 
150,000,000 times as heavy as A (for it is attracted 150,000,000 
times as much). But the earth’s centre is about 6,000,000 metres 
from B so its force is Funuunn what it would be 

were its centre only a metre from B. Since in these circumstances 
the earth would appear to be 150,000,000 times as heavy as a ton 
weight, it is really 150,000,000 X 6,000,000 X 6,000,000 times as 
heavy and its weight is 5.4 X tons. The actual value is 
6 X I o^^ tons.) 

No experiment to determine the force of gravitation can be a 
simple one, because the attraction of two bodies of a size that can 
be handled and at a reasonable distance from each other is only a 
thousand-millionth of their weights. Consequently, the balance 
which will measure this attraction must be far more accurate than 
even a good chemical balance. All sorts of minute errors have to 
be allowed for. However, we can at least see the kind of way it 
can be done. Professor J. H. Poynting in 1 890 set up an apparatus 
like that in Fig. 69. He hung two 40 lb. balls (A, B) of lead from 
the most delicate balance which would bear such a weight. 
Under the balance he had a turntable which bore a mass (M) of 
about 300 lbs. of lead. By swinging this round, he could bring 
the big mass (M) under either of the smaller masses A or B. The 
masses attracted each other, and he found the difference between 
the position of the pointer when M was under A and when M 
was \mder B. The attraction of M for A was only about equal to 
the weight of a fifth of a milligramme (about the weight of a 
droplet of water, a fortieth of an inch in diameter), and the total 
load on the balance pans was about 80 lbs., so it is not surprising 
that the weighing was most laborious. 

Anyone coming into the room, would, by the disturbance of 
the air and the vibration of their tread, cause a far bigger motion of 
the balance than the attraction of the masses could. Accordingly, 
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Fig, 69. — Poynting's apparatus (modified from the author’s drawing. 
Phil. Trans. 1891). 


the balance wab set up in a bricked-up cellar, and observed 
through a telescope. The motion of the pointer was magnified by 
a mirror reflecting a spot of light on to a scale. The turntable 
was worked by a pulley. 

Many such experiments have been done and the conclusion 
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reached is that two masses attract each other with a force equal to 
about one fifteen-millionth of their masses multiplied together, 
divided by the square of their distances. Suppose two locomotives 
and tenders each weighing 200 tons stand side by side. Their 
centres might be 12 feet (nearly 400 cm.) apart. A ton is a 

million grams, so their attraction would be nearly 1 X 

I j, 000,000 


^ 200,000.000 j 

200,000,000 X — - — - — dynes. 

400 X 400 

This is about 17,000 dynes, which force is about the weight of 
18 grams, nearly half an ounce. So, the two locomotives attract 
each other with a force rather more than the weight of a penny. 

The weight of a body gives perhaps the best idea of a force, 
but there are of course a great number of forces beside 
gravitational ones. Familiar examples of forces are the pressure 
of the air in a motor tyre, the tension of the wire rope pulling a 
barge, the magnetic attraction and repulsion of one magnet for 
another, the electrostatic attraction or repulsion of a piece of rubbed 
sealing wax for a bit of paper, the cohesion which holds the particles 
of a solid or liquid together. If we think of these rather closely 
we soon see that they boil down to three different kinds of 
force, first gravitation^, secondly electrostatic, thirdly magnetic. 

The pressure of the air in a tyre is due to the molecules of air 
“striking” the walls of the tube. They do not really strike it at 
all: they come very close until the negatively charged exteriors 
of the molecules of air are electrically repelled by the negatively 
charged exterior of the rubber molecules. In the same way, the 
pull of a wire rope is simply the pulling of the electrically-charged 
iron atoms from their settled position in the lattice against the 
attraction of these atoms. If you object that it is not the wire rope 
that pulls the barge but the horse or tractor, the force they exert 
is still electrical. We do not know much about muscular con- 
traction, but it is pretty clearly a shifting of large electrically 
charged molecules. The tractor works by the pressure of gas in its 
cylinder, and we have seen that this is electrical too. 

Magnetic forces arc closely related to electrical ones. The 



latter arc the forces between stationary electrical charges: the 
former arc due to the alteration in electrical forces which occur 
when electrical charges move (p. 309 

BALANCING FORCES 

Think now of something which moves steadily — a train going 
at 60 miles an hour. Here, the forces all balance. The steam 
pressure in the cylinders provides a force pushing the train 
forward. The friction of Ae rails, the friction of the air, the 
friction of the internal machinery, the air pressure on the front of 
the train (bigger than that on the back) all add up to make a 
force pushing the train back just as hard as the steam pressure 
pushes it on. Consequently, there is no total force on it, and it 
gets neither faster nor slower. Suppose we slip a carriage. The 
friction is now less because fewer wheels are turning, and there is 
less air resistance, etc., so the steam pressure now pushes the 
train forward more strongly than the reduced friction holds it 
back. The forces now do not balance and there is an excess of 
force pushing the train on. Consequently, it goes faster: but as it 
moves faster, so the friction becomes rapidly greater. The 
friction increases as the square of the velocity (if you go three 
times as fast, you get nine times the friction); so very soon the 
force of friction gets big enough exactly to balance the driving 
force and the train settles down again to a steady but higher speed 
of, say, 65 miles an hour. If a thing is still or moving steadily^ you 
can be sure there are at least two forces on it, balancing each 
other. If a thing is accelerating or decelerating, it is because the 
forces on it do not balance. 

Just as it requires force to stop a thing moving, so it also 
requires force to change the direction in which it is moving. 
It is well known that if an effort is made to turn a car sharply 
when it is moving at high speed, the back of the car tends to 
continue to move in the same direction as before The adhesion 
of the tyres to the road opposes this, but if the speed of the car 
is great enough, tyres will not hold it, and the back will continue 




Fig. 70. — The tendency of the hind part of the car to continue to 
travel in the same direction causes a skid. 


in a straight line while the front turns, and a skid will result. 

A more important fact follows from the need to apply a force to 
change the direction of a force. When a wheel rotates, each piece 
of it is having its direction of movement changed the whole time. 
Consequently, each bit of the rim tends to go on in a straight line 
and so fly off the wheel. The wheel holds together only because 
some force acting towards the centre of the wheel holds the rim in 
position. In the case of a fly-wheel, this force is the tension of the 
steel. This inward force is needed to keep changing the direction 
of motion of the rim as it rotates. We often, though not with the 
approval of physicists, regard the tendency of the rotating body 
to leave the circle as equivalent to a force which just balances the 
inward pull needed to keep the body in its orbit. This outurard 
pull of ^e routing body is called centrifugal force. If the body 
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does not fly to bits, it is because this centrifugal force is just 
balanced by the tension of its material. The notion of centrifugal 
force will be used throughout this book, because those of us who 
are not physicists will find it easy to understand. 

CENTRIFUGAL FORCE 

The force is not very hard to calculate. If any particle is 
swung round in a circle, it pulls away from the centre with a force 
equal to nearly one and a quarter times its weight in pounds 
multiplied by the radius of the circle in feet multiplied by the square 
of the number of revolutions per second. So, a seven pound weight 
swung round on the end of a three foot string twice a second, pulls 
on the string with a force of I J X 7 X 5 X 2^ = 104 lbs. weight. 

It is not difficult to see from this formula that the rim of a big 
flywheel run at high speed must be pulling outward with 
tremendous force. The only way it can get outward is by flying 
to bits: the strength of the metal of the rim prevents this as a rule, 
but occasionally a wheel is run too fast and bursts. A cast-iron 
flywheel with a solid rim will burst if the rim runs at more than 
about 18,000 feet a minute. 

Well, cast-iron flywheels are sometimes 30 feet in diameter, so 
that 18,000 feet per minute rim-speed is only about 200 re- 
volutions a minute, or rather more than three a second. When a 
flywheel does burst, tremendous damage is done. Every bit of 
the metal shoots off with its speed of three hundred feet a second, 
about as fast as an old-fashioned cannon ball: consequently a 
bursting flywheel does as much damage as an exploding bomb. 
The chief cause of the accident is increase of speed The flywheel 
of an engine may run at a safe pace while the engine drives a 
heavy machine: then the driving-belt breaks and all the power 
of the engine goes to speed up its flywheel and disaster follows. 
The remedy is to have a flywheel of fairly small si2e, so that the 
engine at its greatest pace cannot drive it at the danger speed. 
Circular saws have also been known to burst and inflict terrible 
wounds. It is the usual practice to calculate the least strength of a 
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Fig. 71a.-— Section, “Weston” Pivot undetdriven 
hydro-extractor. (Watson, Laidlaw & Co., en- 
gineers. )The clothes arc placed in the inner vessel 
(which is perforated) and rotated 1000-1500 tinies a 


wheel necessary for 
the highest possible 
speed and then to 
make the wheel ten 
times as strong as this. 
The highest speeds 
ever used in engineer- 
ing work are in cer- 
tain turbines, which 
rotate up to 10,000 
r.p.m., and these are 


(which 18 pertorated; ana rotatea 1000-1500 iiiiics » 

minute. (Courtesy of the Gresham Publishing Co.) much in favour. 


So far, we have considered centrifugal force as a danger, but it 
is made useful in a great number of machines. The simplest 
perhaps is the centrifugal dryer. Suppose you have a great 
quantity of wet clothes. You can dry them by hanging them in a 
current of air: this, however, wants a good deal of room and a 
good deal of time. If you hang up a wet stocking, a certain 
amount of water is drawn out by gravity and drips off the toes. 
Now, centrifugal force can be made much stronger than gravity. 
So the laundry puts its clothes in a perforated metal basket, 



Fig. 71b. — A labotatory centrifuge driven 
by a water-turbine. (Courtesy of Messrs. 
Griffin & Tatlock.) 


usually 30 inches in diameter 
and 14 inches deep and spins 
this roxmd 1,200 times a 
minute. The clothes are held 
by the basket: the water is not, 
and flies out sideways. The 
force on the water is about 750 
times its weight, so it is no 
wonder that after ten minutes 
of this spinning, the clothes, 
though not dry enough to 
wear, are dry enough to iron. 
Chemicals like soda crystals 
are also dried in this way. 

You will remember that a 
fine particle of, say, mud sinks 
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very slowly because its tiny weight is opposed by the buffets of 
the darting molecules in the liquid round it. Now since centrifugal 
force can be made so much stronger than gravity, a muddy 
liquid which would take days to settle will clear in a minute or so 
if whirled round a thousand times a minute. If a little tube of 
pond water (containing thousands of microscopic creatures) is 
spun in a centrifuge, as the machine illustrated in Figure 71b is 
called, the force drives them all to the bottom of the tube. The 
microscopist can then examine the few drops of liquid at the 
bottom and be confident of finding there all the living creatures 
which were in the water. 

If really enormous speeds arc reached, it is possible not only to 
make ‘‘large” par- 
ticles like micro- 
scopic animals 
sink, but even to 
cause some of 
the biggest mole- 
cules like those 
of egg-white or 
the red pigment 
of blood to settle 
out. Naturally, 
the bigger the 
molecule the 
easier it is to 
drive it to the 
bottom of the 
liquid, and by 
centrifuging solu- 
tions of various 
compounds, we 
can find out 
the size of the 

molecules. Fig. 72. — ^The Cfeam-scparatof. (From material kindly 

This is useful supplied by the Dairy Supply Co., Ltd.) 



i 58 The WiMrld ef Seiena 

because it is precisely the largest molecules which cannot be 
measured in any other way. Svedberg’s ultra-centrifuge rotates 
at such tremendous speeds that a particle in the liquid contained 
in its tube is forced outward with four hundred thousand times 
the force of gravity. 

The cream separator is simply a centrifuge. Cream consists of 
the fat globules in the milk (Plate I). These are a little lighter than 
the whey in which they float, but since they are very small, they 
rise to the surface only slowly. In the cream separator, the 
milk flows from a bowl B into a float chamber which is prevented 
from overfilling by a float F which rises and blocks the entrance. 
The milk then goes to the underneath of a nest of metal cones 
(like inverted funnels) which are spun a high speed by the gears 
(G) and worm wheel (W). The heavier skim-milk is thrown to the 
outside and passes out of the nozzle (S), while the lighter cream is 
forced to the centre, travelling up through the holes in the cones 
till it escapes by the nozzle (C). 

THE GYROSCOPE 

The gyroscope is practically a spinning top. Everyone knows 
that a spinning top stands upright, and that if you push it gently 
sideways, it will bob up again despite the force of gravity. 
The mathematics of the gyroscope are very complicated, but it is 
not difficult to see that anything spinning round an axis resists 
attempts to change the direction of the axis, Y ou can move a gyroscope 
up and down: you can carry it forwards, sideways or backwards 
and feel no resistance, but if you try to turn it through an angle, 
you can feel it resist the motion. The gyroscope is one of the 
most remarkable mechanical contrivances. Every heavy rapidly- 
spinning wheel shows the properties of a gyroscope, but the 
easiest type co understand is a heavy wheel turning very easily on 
its bearings and set in three frames, so that it can turn in any 
direction, but is neutrally balanced. Now, if this heavy wheel is 
set spinning — the faster the better — it will be found that its 
axis tends to remain pointing in the same direction. Each point on 



the wheel continues to move in 
the same direction as far as the 
rotation lets it and, if the axis were 
to be shifted, every point would 
have to change its direction of 
motion. Now, the earth is turning 
all the time: a stick stuck in the 
ground at the equator points at six 
a.m. in a direction at right angles 
to the direction it had at midnight. 

But the gyroscope keeps its axis 
steady, though the earth moves; 
so if the gyroscope is kept running 
for six hours, its axis will have 
apparently shifted from vertical to 
horizontaJ. But it is the earth that 
has moved while the gyroscope stays still. An ingenious gyro- 
scopic clock has been made to work in this way, and although 
it is not possible to make it reliable because of friction at the 
pivots, it shows most clearly that the earth does really rotate. 
The instrument is just a gyroscope with its axis at right angles to 



Fie. 74.— Two pattenu of gyroscopic dock. The tottting portion (a) and the rings 
(b) and (d end the pointer (>) attached to them remain still while the frame and 
^ turn with tte earth. (Courtesy of Messrs. Spon, Ltd., from SchiloTsky’t 
Ti# QrvMpt.) 
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Fig. 73. — Showing how a gyro- 
scope keeps its axis point- 
ing in the same direction 
and so appeass to turn a 
somersault as the earth 
rotates. 
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the axis of the earth: a scale (i) and pointer (f) show how much the 
frame of the gyroscope has shifted, while the ring (c) attached to 
the ring (b) and the axis of the gyroscope has stayed stilll 

The diagram of the rotating earth and the stationary gyroscope 
should make this clear (Fig. 73). 

The spinning top stays upright because it is a gyroscope, 
though the mathematics explaining why it rises from the ground 
and wobbles and waltzes are extremely complicated. 

Plate VIII gives an idea of some of the things a gyroscope does 
by keeping its axis steady. 

The really important applications of the gyroscope are the 
gyro-compass and the ship’s stabiliser. 

A very interesting property of the gyroscope, on which is based 
its use in the gyro-compass and ship’s stabiliser, is it& precession. 
The principle of this is that, if in spite of its resistance an attempt 
is made to push the axis of a gyroscope out of the straight, it does 
not tilt the way it is pushed but does so at ri^t angles to the 
direction of the push and at right angles to tbe axis. If you push it west 
it goes north or south according to the way it is turning. 

It is not too difficult to under- 



Fig. 75. — Precession in a gyroscope. 
When pushed to the west, it 
tips to the north. 


stand why a gyroscope, unlike 
other things, does not go the way 
it is pushed. 

By pushing the axis to the west 
as in the figure, you are pushing 
the west side of the rotating wheel 
down. Every particle on the west 
side of the wheel will be forced to 
go down: this downward motion is 
continued as they travel to the 


north: on the east side, the rim is 
tipped upward and this upward motion is continued to the south. 
The result is that the gyroscope tilts down towards the north 
and away from the south. 


This tilting at right angles to a push is called precession. The 
Sperry ship-stabiUser described below is a gadget which gives a 
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big gyroscope attached to a ship a push at the right moment to 
make it tilt the whole ship the opposite way to the rolling of the 
waves. The preventing of the rolling of ships ia obviously a most 
valuable thing. A perfectly steady liner would attract all the 
people who were afraid of sea sicknessi It is easy to sec that if a 
huge gyroscope is stowed away in the hold wifh its axis cither 
horizontal and across the ship or vertical, it will resist the attempts 
of the ship to roll sideways and so turn the axis of the gyroscope. 

This has been tried and proved 
very successful in stopping rolling. 

It is not adopted, however, as 
much as might be expected, first, 
because the ship-owner is un- 
willing to sacrifice the space 
needed to stow it, and secondly 
on account of the expense of 
fitting it. The largest liners are 
so steady that it is generally felt 
that there is no need to stabilise = 
them. The Sperry stabiliser has, 
at the bottom of the ship, a very £ 
large gyroscope with a vertical 
axis. A little gyroscope with ai 
horizontal axis is also provided. ““ 

Now, when the ship starts to roll Fig. 76.— A large gyroscope in the 

to the right, it tips the small ® ^ould tend to 

® „ prevent rolling and pitching, 

gyroscope and this “precesses” This simple arrangement has, 

(tilts forwards) and so operates a however, many disadvantages: 

' , - 1.1 1 . Fig, 77 illustrates a system in 

switch which starts an electric practical use. 

motor going in one direction 

or the other, according to which way the sliip has rolled. 
The electric motor is geared to the casing of the big 
gyroscope and forcibly tips the whole thing backward. This 
has the effect of making the big gyroscope heel violently 
over to the left and so force the ship in the opposite direction 
to that in which it was driven by the waves. When die wave 
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see 


ftom Fig. 73 tiiat the gyroscope, if its 


begins to re- 
cede, the little 
control gyro- 
scope, being no 
longer forced 
sideways by the 
ship, is pulled 
back into posi- 
tion again by 
■|i springs. This 
® switches off the 
motor and 
° switches on a 
I brake which 
I stops the “pre- 
cession” of the 
t.S big gyroscope. 

1 As soon as the 
[o ? ship begins to 

^ 3 roll the other 
01 

^ way, the little 
K control gyro- 
S scope feels it, 
Y closes the other 
switch, sets the 
motor going 
the other way 
and so forces 
the big gyro- 
scope to go to 
the right, so 
stopping or at 
least decreasing 
the roll. 

It is easy to 
axis is pointed to a 


o 

£ 
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particular star (say the North Star) will remain pointing to it 
however the earth moves or the gyroscope moves. Suppose we 
start up a gyroscope with its axis pointing to the North Star. 
Then, wherever we take it on the earth it will point to the North 
Star and so will operate as a kind of compass. 

A simple gyro-compass of this type would not be practically 
useful, for the mounting cannot be made perfectly true, and 

consequently minute forces act 
on the rotor and make it precess. 
Thus the best gyroscope that can 
be made shifts its axis by some 
5 degrees a day. 

Moreover, near the poles its 
axis would be almost vertical. The 
Sperry gyro-compass is an fir- 
rangement by which an electri- 
cally driven gyroscope carrying a 
compass card automatically keeps 
itself horizontal as well as north- 
seeking and by making use of the effect of gravitation, forces the 
gyroscope to return to the north-south meridian even if it has 
been compelled to deviate slightly from it. 

It is essentially an electrically driven gyroscope, the wheel of 
which is enclosed in a case. Mercury vessels B.B. are connected 
north to south by a fine tube F and make contact with the bottom 
of the case. Put it down with its axis and mercury tubes point- 
ing in any given direction, say east and west. (Fig. 79 4.) As the 
earth rotates the axis of the gyroscope remains fixed in space 
and so relatively to the earth tips upward on the east side and 
downward on the west, as shown in Fig. 79 b. The mercury 
flows to the lower side which becomes heavier and so exerts a 
force (f) on the axis, tipping it downward on the west side. This, 
of course, makes it precess southward on the west side and this 
process continues (Fig. 79 r, i) until the axis and mercury tubes 
are in the north and south meridian. (Fig. 79 e.) This is what we 
require. It is easy to see that once this has happened any dis- 





Fig. 79. — How gravitation and the earth’s rotation make the gyro-compasi 
seek the N.S. meridian. (From material kindly supplied by the Sperry 
Gyroscope Co., Ltd.) 


placement of the axis from this meridian will make the gyro- 
compass go through stages by r, dy once more, and that 
consequently the axis (and compass card attached thereto) will 
oscillate around the north point of the horizon, making one 
complete oscillation every hour and a half. By displacing the 
point of contact of the mercury vessels with the case slightly to 
the east of the vertical, this oscillation is damped out and the 
gyro axis settles in the north-south meridian. 

The advantages of the gyro-compass should be compared with 
the disadvantages of the magnetic compass (p. 3 12 ff). 


CHAPTER VIII 


SiMPUE Machines 

WORK 

T here are a great many devices by means of which a force 
acting in one direction may be made to act in another 
direction and by which weak forces acting over a bng distance 
naay be converted into strong ones acting over a short distance 
and vice versa. These devices are levers, pulleys, screws, wedges, 
gears and so on, and they are all included under the title of 
“simple machines.” 

When a force acts on a thing without moving it (as for example, 
the earth pulls at the roof of a house without shifting it) no work 
is done. V/ork in the scientific sense is done when a body, acted on ly 
a force, moves. 

If a pound weight is lifted from the floor to the table, a distance 
of, say, three feet, then we have moved something for three feet 
against a force equal to a pound’s weight. Clearly, the bigger the 
force the more is the work and the bigger the distance it moves, 
the mote is the work. So, allowing ourselves a little mathematics, 

W=dxf 

where IV is the amount of work and d is the distance through 
which a force / moves. 

Now this has been leading up to our simple machines — levers, 
pulleys, screws, jacks, and so on. The great thing to grasp about 
all machines is that you never get any more work out of them 
than you put into them. In all these machines you move one 
part with a certain force for a certain distance and the result is that 
another part moves with a diflerent force for a different distance, 
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Think, for example, of a vice. You turn the handle with a 
force of say lo lbs. weight for a whole turn. Your hand exerting 
jinch a force of lo lbs. 

weight has moved 
through, say, a 
foot. The jaws of 
the vice move as a 
result, let us say, | 
of an inch. If 
there was no 

10 lbs 

•weight would get as much 
work out of the 
vice as you put in. 
The work you put 
in was lo lbs. 
weight X I foot. 
The work you get out is the same, but as the jaws only move | 
inch foot) you can say that the work done by the jaws is 
foot) X (the force they exert). So it follows that 





foot) X (the force of the jaws) = lo lbs. wt. x i foot 
and the force of the jaws = lo lbs. wt. X i foot 

foot 

= 960 lbs. weight. 


So a vice gives a way of turning a force of 10 lbs. weight into a 
force of 960 lbs. weight, nearly half a tonl Actually, some of the 
work put in is used up in overcoming the friction of the screw, 
and so the final force is not as much as 960 lbs. weight. 

The general rule for a machine is; — ^multiply the force you put 
in at one end by the distance it moves and (^vide by the ^stance 
through which the “other end” moves. The answer is the force 
the machine exerts. Something will have to be knocked off the 
answer to allow for friction. 
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LEVERS 

The most ancient and famous machine is the Lever. We 
do not know who invented it: almost any savage who uses a 
stick as a tool must use it sometimes as a lever. The simplest 
lever is a plain bar or stick. One part, the fulcrum, rests against 
something to hold it still. Another part rests against the thing 
which is to be moved and a third part is pulled or pushed. 

Fig. 8 1 shows the principle. A ten-foot crowbar is being used 
to lever up a log, a force of about half a ton being required to 
accomplish this. In each picture the lever rests on a stump — the 
fulcrum. In the lower picture it is easy to see that the log will 
move one-ninth of the distance through which the handle moves. 
The work done at each end is the same, so nine tim$s the man^s 
force is exerted through one-ninth of the distance. 

In the upper picture the fulcrum is at the end of the lever, 
and you will see that the log moves one tenth of the distance 
through which the man lifts the handle, and is moved by ten 
times as great a force as the man puts into the handle. 

Clearly, there is no reason why any weight, however huge, 
should not be lifted by a strong enough and long enough lever. 
Suppose a man 
wants to lift a 
thousand- ton 
rock with a 
crowbar. The 
theory is very 
simple. Sup- 
pose a man can 
press on the 
end of a ten- 
foot lever with 
a force of a 
twentieth of a 
ton. Suppose 
he presses his 
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end of the lever down a foot. Then the work he does 
is 2^0th ton X I foot or -^xs foot-ton. The thousand-ton 
rock exerts a force of i,ooo tons weight, so to move it a foot 
would need i,ooo foot-tons. Consequently, our foot-ton would 
only move it 55550 foot or about Toooth of an inch. The rock, 
if it was to move this little distance would have to be only yooth 
of an inch from the fulcruml 

Now, in practice, there is very little use in lifting a rock 
of an inch: you cannot see it has moved, so even if you could do 
it, it would be useless. Of course by having a lever 16,000 feet 
(3 miles) long, and pressing it down 1,600 feet you could raise the 
rock an inch: but then no one could handle such a lever which, if 


strong enough, would weigh thousands of tons. Again, the 
fulcrum takes the whole of the weight of the lever and its load, 

and it would not be easy to get a 


J inch motion, 400 lbs. wt. force. 



t inch motion, 
50 lbs. wt, 
force. 


fulcrum which would not give under 
a thousand ton pressure at a single 
pointl So a single lever is in practice 
limited to increasing a force from 
ten to perhaps fifty times. 



Fto. 82. — Wire cutters, brake-lever and common pump, in all of which 
a lever increases the force exerted at the expense of the distance 
through which it travels. 


Levers are used in many pieces of machinery, some com- 
plicated, some simple. Weighing machines, wire-cutters, brakes, 
pumps depend on the principle and almost all automatic 
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machinery depends on the use of levers. 

Fig. 82 shows several kinds of simple machines depending on 
levers. 

Another well-known type of lever is the lever jack commonly 
used in garages. Fig. 83 shows it in use. The long handle may be 
three feet long, and the short part only 6 inches. Consequently. 



Fig. 83. — A car jack. The downward force applied to the 
handle, say 100 lbs. weight acting through 6 inches, 
gives an upward force, applied to the axle, of 600 lbs. 
over a distance of one inch. 


it will lift with a force six times that with which the mechanic 
presses down the handle. A ratchet is provided so that the car 
once raised remains where it is put. 

The opposite effect, that of converting a large force into a 
smaller one, is not so often needed; it is chiefly required in weighing 
machines. The simplest weighing-machine of this kind is the 
steelyard. Plate IX shows a very beautiful RoiUian one, some 
2,000 years old, and Fig. 84 shows a modern one in use. The 
weight C is made so that when there is no load on the hook and 
the weight W is at the o mark (N) the two halves of the steel- 
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yard balance and hang level. Now suppose there is loo lbs. of 
meat on the hook and the bearing of the hook is an inch from F. 
The “leverage” of this side is too lbs. X i inch. If the weight W 
is lo lbs., thenif it is moved lo inches away from F its “leverage” 
will be lo lbs. X lo inches and the instrument will balance again. 
So it is easy to see that every inch the weight is moved along the 
bar would represent lo lbs., and the bar could be marked with 

notches on which the 
weight W would hang, 
each corresponding to 
some particular weight. 
It is obviously much easier 
to weigh by running a lo 
lb. weight along a bar, 
than to handle a himdred- 
weight on a scale. 

If you wanted to weigh 
a railway truck full of 
coal, it would clearly be 
very inconvenient to run 
it on to one scale of a 
very high balance and 
put about 2JO hundred- 
weights on the other 
side. So, we use a lever 
or system of levers so ar- 
ranged that a quite small 
weight at one end lifts a very large weight at the other end. Fig. 8 5 
gives anideaof the principle of aweighbridge. Theplatform (shown 
as transparent) is supported on two big levers (L), linked together 
in the centre (J), and having their fiilcrums (F) supported by 
the masonry of the pit over which the platform stands. Since 
the four places (S) where the platform rests on the levers arc 
only about a twentieth of the way from the fulcrum, a w'dght of 
five tons on the platform gives a downward push of only about 
five cwt. on the link. The link at J pushes another lever (O), and 



Fxg. 84. — A butcher’s steelyard. 
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Fig. 8j. — ^T he ptiaciple of the weigh-bridge. 


in the same way the five cwt. pull near the fulcrum is reduced to a 
pull of 25 lbs. or so at the other end. This other end (J^) pulls 
on a rod (R) which is linked to the short end of a steelyard (Y), 
and so a weight (W) of a pound or two, slid up and down its 
beam, is enough to balance the whole five tons! These machines 
are very accurate. The best of them will show the difference if one 
good-sized lump of coal is taken out of a full railway truckl 

The lever is sometimes used to increase speed. A typewriter 
key is an example. The key is moved down about J of an inch. 
The type face moves 4 inches in the same time. Consequently, 
it goes 8 times as &st and hits the ribbon a smart and rapid blow. 

The ordinary weighing machine or balance is a sort of lever 
with two equd arms. All balances have a beam which turns 
on a knife-edge to make friction as small as possible, and two 
scalepans which hang also from knife-edges. Most balances 
have a pointer to show when they are swinging evenly. Everyone 
knows how to weigh on a balance, but when it comes to very 
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accurate weighing a great many precautions have to be taken. 
Almost any balance will indicate a weight one-thousandth 
of the load it is designed to carry. A kitchen scales carries about 
zo lbs. and will quite easily turn with a quarter of an ounce. 

The best balances will show from a millionth to a ten-millionth 
of their load. A micro-balance as shown in Fig. 86 will take a 
load of lo grammes (about J 02 .) and will show a weight of a 



Fig. 86. — An extremely sensitive balance, as used for 
microchemical work. The weighing is per- 
, . , formed by moving a minute loop of wire along 

(as tn the steelyard) by means of the mUled head on the right. A magni- 
nM iimge of the pointer and a scale arc projected on a small screen, and the distance 
the pointM IS deflected from the vertical defines the weight to witldn a millionth of 
a gram, (Courtesy of Messrs. Ocrtling Ltd.) 
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thousaadth of a milligramme (about the weight of a scrap of 
human hair, only as long as it is thick — inch). A bullion 
balance will weigh a man (50 kilogrammes) and easily show a 
difference of a tenth of a gramme, just about the weight of a drop 
of water. These accurate balances are simply ordinary scales 
accurately made. Their beams are made like girders so as to be 
stiff and light. Their knife-edges are made of the hard stone agate 
ground to a perfect V-shape and they turn on flat pieces of agate, 
set on the scale pans and beam supports. The weights are gold- 
plated so that they shall not tarnish and get heavier. A weight of a 
tenth of a milligramme would be far too tiny to handle so, after 
the weights have been got right to the nearest milligramme, a little 
wire loop is moved up and down the beam until the pointer 
swings just as many divisions to the right of the zero-mark as it 
docs to the left. 

If a balance is to show less than a ten-millionth of its load — 
say a himdred-milhonth — great precautions arc needed. The 
little air-currents in the case upset it, and so the air must be 
pumped out before the final weighing. The heat of onc^s face 
makes the beam expand unequally, so the pointer is observed 
through a telescopel 

Weighing is, perhaps, the most exact kind of measurement 
we can make. Any ordinary laboratory has a balance which 
will measure a difference of one ten-thousandth of a gram in a 
load of a hundred grams. It is very much more difficult to 
measure a difference of a ten-thousandth of an inch in a length 
of a hundred inches and still more to measure a difference of a ten- 
thousandth of an hour of a second) in a hundred hours, 

PULLEYS 

You have certainly watched weights being raised by pulleys, 
cranes and windlasses. Pulleys can be fitted together so that 
hy pulling long lengths of rope through them, the pulleys are 
only raised a short distance. Fig. 87 shows two compound 
pulleys as these arrangements are called. The first of these has 



i86 


Th World of Science 


It is a screw with a heavy lever with a big iron ball on it. The 
ball is sent flying round: when the die touches the metal, it is 
suddenly stopped in a fraction of a second. 



Fig. 90.— The flypress. 


A force is measured 
by multiplying the 
weight acted on by 
the acceleration or 
deceleration produced 
by it. Suppose the 
iron ball weighs 20 
lbs. and is spun at 5 
feet a second and 
stopped in one inch 
by the die biting on 
the metal. This means 
that it is decelerated 
at the rate of 150 ft. 
per second. The 
force needed to do 
this is about 45 lbs. 
weight. The screw 



Fig. 91 — wotm gear. 
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moves down, say, one inch for each turn (60 inches) that the ball 
makes, so the force is magnified 60 times and the dies squeeze 
the metal with a pressure of 45 x 60, or 2,700 lbs. (about one and 
an eighth tons). Again, here some of this force will be wasted on 
friction. 

Finally, the “worm-drive^* is a very useful way of increasing 
power and decreasing speed. It is a screw which fits into slanting 
cogs on a gear-wheel (Fig. 91). Clearly, each turn of the screw 
advances the wheel by a distance equal to the pitch of the thread. 
If the wheel is 90" in circumference and the threads of the screw 
are 2" apart, it will go 45 times slower and exert 45 times the 
turning force of the driving shaft. 

An electric motor runs best when going fast, turning at 500 — 
4,000 revolutions per minute. If it drives a worm-gear, it is 
easy to get great power and a speed of only a few dozen turns a 
minute. Fig. 91 shows a worm-drive of this kind. Fig. 62, 
illustrating the speedometer, shows another. The worm gear is 
rarely used to increase speed. It can only be used in this way if 
the threads are very far apart. An example is shown in Fig. 72. 

Several other less important devices can be used to magnify 
power. The wedge is a well-known one — not much used in 
machinery because it wastes a great deal of work in friction. 
Suppose a wedge is one inch thick at a distance of six inches from 
its point: then it separates two objeas by one inch for every 
six inches it is driven in; so that (friction excluded) it would give 
six times as much outward force as we put downward force upon 
it. Actually, most of this is used up in friction, and indeed, if the 
friction between the wedge and the thing it opens were not so 
great, it would be forced out again. 

The machines we have dealt with have mostly been arrange- 
ments by which a straight pull or push is turned into a stronger 
(or weaker) straight puU or push. Actually, most modern 
machinery is driven by power supplied as rotation, i.e., by revolv- 
ing shafts, pulleys or belts. Accordingly, very many devices have 
been made by means of which rotation can be made slow or quick, 
powerful or weak. 
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If only one pump is to be driven, a heavy flywheel is usually 
fitted. At the top and bottom of the stroke when the engine has 
no pulling to do it does useful work in speeding up the fly- 
wheel a little, and the flywheel in its turn helps the engine to 
push the piston through the middle part of the stroke. It is not 
difficult to see that if the piston were pushed up and down by 
steam pressure the wheel would turn and this is actually what is 
done in the steam engine or petrol engine. This is discussed 
further on pages 261-275. 

GEARS 

For altering the speed and force of a turning shaft, the chief 



Fig. 96. — The small wheel has 20 
teeth and the large one 50 
teeth. The bigger one will have 
1 of the speed and of the power 
of the small one. 
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Fig. 97. — Increase of speed by gearing 
in a grinding wheel* 


means used are gearwheels. If two cogwheels are in mesh as in 
Fig. 96 and one has, say, 20 teeth and the other 50 teeth, then the 
bigger one will run at f of the speed and will exert f, i.e., 2 J times 
the power. Almost every machine uses gearwheels. A grinding- 
wheel (Fig. 97) gives a good example. If you turn the handle 
once the wheel turns 6 times. It only turns with ^ of the power, 
as you can see if you hold the wheel when it is stiU with one 
hand and press the handle with the other. You need much more 
force to turn the handle than to stop the wheel turning. 

Gearing down to get increased power or decreased speed is 
used in pumps; in motor cars, which we will talk of later; in 
liners driven by turbines; in rolling mills where ingots of iron 
are rolled into rails, and on a far smaller scale in gas-meters 
and all such counting machinery (mile-recorders for cars, re- 
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volution counters, etc.). In Plate IX is illustrated the helical 
gearing of a rolling mill, designed to transmit 140 h.p. and to 
reduce the speed from 720 to 34 revolutions per minute. One 
of the chief objections to cog-gearing is that it is intolerably 
noisy when run at all fast. This is got over to some extent by 
using helical gears which have the teeth cut slantingly so that 
several teeth are pulling at once. These gears are more expensive 
and difficult to cut but much more silent and steady. 

The chief alternative to transmitting power and altering the 
speed of rotation by gears is the use of belts or ropes. The use 
of belts is shown in Plate X. Clearly (if there is no slip) the 
rims of the two pulleys must travel at the same speed. So, if a 
pulley 5 feet in circumference is connected to one 2 feet in 
circumference by a belt, the big one will turn twice for the little 
one’s five times. Belts are made either of leather or of strong 
cotton duck, impregnated with a kind of indiarubber-like 
gum called balata, the great advantage of which is that it re- 
mains soft, pliable and adhesive for a very long time. Sometimes 
the belt has balata on one side and leather on the other. 

The great advantage of the belt drive is that any fitter can in an 
hour or two arrange a belt by which one machine can drive 
another, whereas gearing would have to be specially built. 
Moreover, a belt can easily be inclined at almost any angle, and a 
mere crossing of the belt serves to reverse the drive. 

Belts are most useful for the smaller engineering jobs. The 
maximum power which a belt will transmit is limited. Thus, a 
very good 6-ply belt, a foot wide, running at 3,000 feet a minute, 
will transmit 114 h.p. It will be seen that a belt drive to transmit, 
say, 20,000 h.p. would be very unwieldy. 

Where very large quantities of power have to be transmitted, a 
rope drive is often used. The engine which produces the power 
drives a drum cut into grooves. In each of these runs a rope 
passing over a similar drum elsewhere in the building. 

The advantage of a rope drive over a belt drive is that the 
rope obtains a much better grip of the pulley, whilst a rope drive 
is much less costly than a chain drive, and is not so 
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liiTiitcd in lengtn; for 
if the pulleys are large 
enough a rope drive 
may be as long as 8o or 
90 feet between shaft 
centres, or on the other 
hand the pulleys may 
be almost touching each 
other. Speeds may be 
from a few hundred feet 
per minute to 5,000 feet 
per minute. 

The pulleys have to 
be large, as small pulleys 
quickly break up ropes; 
for pulleys of say 2 feet 
diameter, i inch dia- 
meter ropes are suit- 
able, and so on up to 
6 feet diameter, which 
is the minimum for 2 
inch diameter ropes. 

Ropes are generally 
made from cotton 
(hemp is not very suitable for power transmission) and are designed 
to have a low rate of stretch and to be pliable. 

The main drives in a large cotton mill are shown in Fig. 98. 
The engine is 1,750 h.p., and the rope speed about 4,800 feet per 
minute; the ropes used are cotton driving ropes made by Messrs. 
Thomas Hart, Ltd., of Blackburn. 


Fig. 98. — Rope-drive in a large cotton mill. (After 
photograph supplied by Messrs. Thomas 
Hart, Ltd.) 


VARIABLE GEARS 


There are several purposes for which it is required to vary the 
speed of the machine driven without varying the speed of the 
engine. A motor-car engine gives very poor power when running 
slowlyi un the other hand it cannot push a car up a steep hill 
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quickly, so it is desirable on hills to be able to make the driving 
wheels go at a slower speed with greater power. Consequently, 
all cars have some arrangement by which different gear-wheels 
can be enmeshed at “low gear’^ and “high gear.” Figs. 99 and 100 
shows a rather simple car gear-box in the positions of first speed, 
second speed, third speed and top gear. 



Fig. 99. — Simple four-speed gears. First and second speeds. 


The engine turns the mainshaft A with gear-wheel B upon it. 
Inside tliis gear-wheel, but not attached to it, is a shaft C which 
drives the car. This has “feathers” cut on it (see top wheel in 
Fig. 1 01, which shows the shaft C in section) so that the various 
gear-wheels N, J, P, etc., can be slid along it by the gear lever 
which pulls on the notches K, etc. First, then, realise that the 
engine always turns the wheel B, and this always meshes with 
the wheel H and so turns the layshaft G. But since the shaft C 






Simple Machines 195 

only fits into a bearing in the shaft: A, it does not turn round 
unless it is in some other way connected to shaft A. When the car 
is in “neutral/* gear wheel B is going round. It is turning the 
layshaft G, but in the neutral position none of the gear wheels 
R, O, M is in mesh with the gear wheels P, N or J, and accord- 
ingly nothing happens. 

Now, we are going to get into first speed (Fig. 99, top). The 
lever pulls the wheel J till it meshes with the gear-wheel M. 
Now gear-wheel B has, say, 20 teeth and gear-wheel H 40, so 
one turn of B means \ a turn of H. Gear-wheel M meshes with 
gear-wheel J. J has twice as many teeth as M, so one J turn of M 
means \ turn of J. Thus, one turn of the engine gives only a 
quarter turn of the shaft. The ratio is then i : 4 (this will be 
further reduced about five times in the back axle). Now we change 
from first to second. The lever is pulled back to neutral. This 
unmeshes the wheels J and M and puts the box back as before. 
Next we push the lever into second speed notch. Tliis action forces 


CNGINE 

SIDE 


Fig. 99a. — Simple four-speed gears. Third speed, 

wheel N to mesh with wheel O. B (20 teeth) drives H (40 teeth) 
which goes at the same speed as O (25 teeth), which drives N (28 
teeth): the reduction is consequently 1:2.36. Now, we go into 
third. Pull the lever back to neutral, so unmeshing N and O. 
Now push the level into the second notch. Tliis puts wheel P in 
mesh with wheel R. Since R has 28 teeth and P 21 teeth, it is easy 
to see that the reduction is now only 1:1.5. 

Finally, we go into top gear. P and R are unmeshed by pulling 
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Fig. loo. — Simple four-speed gears. Top speed. 


the lever to neutral (Fig. i),and then the lever is pulled to the top 
position. This forces projections on the gear-wheel B to enter 
holes cut in the gear-wheel P so that B and P go round as one 
wheel. But as P is on the shaft C this shaft will go round with it 


and the engine and tailshaft revolve at the same pace! 



What about reverse? 
If this had been shown, 
Figs. 99 to loo would 
have been too com- 
plicated: accordingly, 

the reversing gear is 
shown in principle in 
Fig. loi. In reverse, the 
layshaft drives an “idler” 
wheel on a third shaft. 
This “idler” drives the 
shaft C. The sizes of 
these wheels are so pro- 
portioned that reverse 
shall be a very low gear, 
the reduction being 
about 1:5. It is im- 


RETVCRSE GEAR. portant to remember 


Fig. 1 01. —Principle of reverse gear. (Remember that the differential gear 
thf (P- 3 54) in the back axle 
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makes the driving wheels turn some 5 times slower than the tail- 
shaft, so our true reduction of speed would be roughly 1:20, 1:12, 
i:?!, 1:5 and 1:25 in first, second, third, top, and reverse gears 
respectively. 

Gear boxes are the worst things about cars. They make them 
noisy and the most difficult thing in driving is to get the engine 
and car going at the right relative speeds so as to be able to change 
gear noiselessly. The self-changing gears usually have the 
sun-and-planet- wheel gearing where all the gear-wheels are 
in mesh all the time. The gear depends on which wheel is being 
driven, and which is driving. Space forbids a full explanation: 
but it is clear that if the gears are always in mesh it is impossible 
to make the hideous crashing noises which are heard when the 
novice tries to enmesh two gear-wheels moving at very different 
speeds. 

No one has yet found a satisfactory substitute for the car gear 
box. The gears of a car may be noisy and difficult to handle but 
they give very little trouble. Any complicated arrangement 
which took their place would probably be an extra source of un- 
reliability and expense — at least until experience had been gained 
by the manufacturer at the expense of the driver. 


HYDRAULIC MACHINES 

All the machines we have talked about are made entirely of 
solids. Other important engineering devices such as the hydraulic 
press depend on the behaviour of liquids. 

The first thing (from the engineer’s point of view) to realise 
about liquids and gases is that they transmit pressure evenly in aU 
directions. If you press a solid, it transmits your pressure in one 
direction, but a liquid or gas does so in every direction equally. 
Each molecule jostles its neighbour freely and tries to escape in 
any and every direction from the pressure you apply. Fig. 102 
shows the idea. The solid column transmits the pressure in only 
one direction; the liquid, in all directions. 



Fio. 103. — force pump. 
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the kind of force pump that is used for most small pumping jobs. 
A force pump vnll raise water to a very great height: the only 
limits being the power that can be put on the piston and the 
difficulty of preventing pipes from leaking under a head of, say, a 
thousand feet of water. The pump has a cylinder with a piston 
which is made to fit perfectly by packing which is forced against 
it by a ‘Wand nut,” When the piston is drawn up, it does not 
leave an empty space — a vacuum — for the pressure of the air on the 
water outside makes it drive the inlet valve open and so fill the 
pump-barrel. When the piston is forced down, the piston 
presses on the water, which forces the inlet valve to shut and the 
outlet valve to open, and the water is forced out. As this pump 
would make the water flow in jerks, an air vessel is often included 
in the exit pipe. The water rushing out on the exit stroke com- 
presses the air and enters the vessel: while the inlet stroke is 
going on, the air expands and forces the water out again. In this 
way there is a more continuous flow and no violent changes of 
pressure. The force pump is much the commonest type. It is 
used for almost all pumping except where large volumes of water 
or dirty water are concerned. 

The force pump (and indeed any other pump) must not be 
more than 32 feet above the water it is to pump, because it 
depends on the pressure of the air to force the water into its 
cylinders. The pressure of the air is only enough to raise water 
32 feet. This is an awkward thing where water has to be obtained 
from a deep well, or to be pumped from the bottom of a deep 
mineshaft. The pumps have to be at the bottom of the shaft or 
well, not more than 30 feet (and best not more than 20 feet) 
above the water. If the well or shaft is narrow, it may be difficult 
to get at them, so the cylinder is put at the bottom of the well, 
and a very long piston rod reaches to the surface where the 
driving machinery is arranged. A heavy counterweight is made 
to balance the heavy rod. 

For jobs where water has to be raised only a few feet, the 
ordinary garden or lift pump is used. This, like the force pump, 
has an inlet valve at the bottom; but the other valve is in the 
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piston (Fig. 82). It operates on exactly the same principle as the 
diaphragm pump (Fig. 104) which is a lift-pump with a leather disc 
instead of a piston. When the disc is raised (2) water enters: 
when it is forced down (i) the water opens the valve in the 
diaphragm and passes to the other side. On the third stroke (2) 
the water is lifted out by the exit pipe and new water enters from 



below. The diaphragm pump has the advantage that it can 
pump muddy or dirty water. Mud gets between the piston 
and cylinder of an ordinary pump and either jams it or very 
soon wears it out. The diaphragm pump has nothing that 
mud can damage. When it comes to pumping really dirty 
water which may have pebbles, leaves, paper and so on in it, 
no pump with valves is much use, because the solids prevent 
the valves from closing. The best pump in this case is the 
centrifugal pump or the axial flow pump, and one of these is almost 
always used where large volumes of liquid have to be handled. 

The principle of the centrifugal pump is simply that of setting 
the water spinning at a high speed. The water therefore flics 
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WATER exit 


Fig. 105. — Ointrifugal pump. 


outward (just as it does when you twirl a mop), and the centri- 
fugal force drives it out of the exit pipe. In the simplest pump, 
the water is admitted to the centre of a ring of vanes (the impeller) 


which turns at the rate of, say, 
25 times a second. The water 
is set whirling by these, is driven 
outward and escapes by the 
discharge pipe. Sometimes a ring 
of fixed vanes is set round the 
impeller to guide the water to- 
wards the exit pipe: if these are 
not used a certain amount of 
energy is wasted by the water 
being flung against the sides of the 
pump. 

The axial-flow pump is shown 
in Fig. 106. It is simply a 
ship’s propeller set in a tube. 
The propeller drives the water 
up, and if one reflects that a pro- 



peller can push a liner, it is clear 


Fig. 106. — Axial-flow pump. 
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that it will move plenty of water. The impeller is very efficient 
in the sense of wasting very little power: it also has the advantage 
of not being clogged by solids in the water. 

Several other kinds of water pumps are used, but the force, lift, 
centrifugal and axial flow are much the most important. 

Pumps for handling gases are very much like those used for 
handling liquids. The ordinary pump used to compress air or 
exhaust air is a force-pump— in principle just like the force-pump 
in Fig. 103. The ordinary bicyclc-pump is different from other 
pumps in having the piston and inlet valve in one. The piston is a 
cup-shaped piece of leather. When the handle is drawn up, air 
enters between the piston and wall: when it is forced down the air 
pressure forces the leather against the wall and makes the piston 
airtight. 

'J'hc air-pumps, used to get the air out of a vessel as completely 
as possible and leave a vacuum, are of two chief types. The first 

are oil-sealed rotary pumps. In the 
example shown, a casing C contains a 
slotted rotor R which carries two sliding 
vanes B, spring-loaded to maintain 
contact with the casing. Tlic pipe V 
communicates with the space to be 
evacuated. The air from this pipe is 
trapped by the rotating vane B, is 
compressed and forced out through 
tlie exhaust valve EV. The pump 
body is immersed in oil to obviate 
air leaks. J rubricating oil is fed into tlic 
pump through a valve and filter VF. 
Oil blown through the exhaust valve is 
stopped by baffles in the exhaust box 
and finds its way back to the pump. 

Rotary pumps arc used alone for 
producing vacuum {c. .01 mm. Hg.), 
e.g., for exhausting thermos flasks and 
electric light bulbs. 


A 



107 . — 'J’he essential 
paits of a rotary \aruum 
pump. (Courtesy of 
Metropolitan - X'lckcrs 
I '.Ice, Co., Ltd.) 
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No pump can make a perfect vacuum. The best that has 
been done is to remove all but a ten thousand millionth of the air. 
but a pint bottle, when evacuated to this extent, would still 
contain ten million million molecules. 

The hij^hest vacua arc produced by diffusion pumi)S, in which 
air or other gas is removed by the action of distilling a fluid, 
bor many years mercury was the fluid used ; but the use of 
low-A'apour-prcssure oils has made remarkable improvements. 
i‘ig. 108 shows the general principle. The oil O is boiled by a 
healing element II and the vapour produced is directed down- 
wards at ring-sliape jets, Jj, Jj, and finally condensing on 
the walls cooled by the \vater tubes W and flowing back to 
the lioiler. The downward stream of oil molecules take with 
them those of the air or other gas in the pump chamber, 
producing a pumping action from 
the high-vacuum connection liV to 
the rough-vacuum ctjnncction RV, 
which is served by a rotary pump, 
backed by rotar)' pumps these dillii- 
^lon pumj')S can ]')roduce vacuum 
pressures as low as a ten thousand 
millionth of that of the atmosphere 
and are used for many scientific and 
industrial applications. 

There arc two ways of getting rid 
of the last traces of air from an 
evacuated vessel. 

dlic first is used in wireless valves. 

\ little of some substance such as 
magnesium, wiiich can combine with 
air and forms a solid, is introtluced 
into the valve and then heated. Idic 
Uiagnesium turns alm(3St all the air 
into solid magnesium compounds. 

Another method is to have a glass 


J HV 



I'K,. loH -Oil clif]'usion pump 
('(.'ouru-sy of a\lcrrr>]')()lit.iii- 
\'ii kt'rs I'Jec. Co., Jucl.) 
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Fig. iio, — Use of hydraulic press to squeeze oil out of nuts. 

Another rather important machine using liquids is the fluid 
flywheel fitted to several makes of car. The advantage of it is 
that the engine can turn slowly, “tick over,” without moving the 
car, while, as soon as the engine speeds up, the car is driven too. 
The simplest way to think of it is as a paddle-wheel driving oil 
round and round, while immediately surrounding it is a turbine 
driven by the oil. The “turbine” part is driven only when the 
oil is circulating rapidly. 
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Power 

ENERGY 

W ORK, we have seen, is measured by the distance over 
which a force is exerted. Energy is a capacity for doing 
work. There is, rightly, a great deal of talk about energy both 
in physics and in engineering and it is really necessary to under- 
stand what it means. 

Suppose there is a candle on a table in front of you. You 
ask me, “How much energy has that candle?” and the question 
can only be answered if you tell me what you are going to do 
to it. If it weighs 2 ounces and falls three feet to the floor, it 
can do | foot-lb. weight of work, but if it fell out of the window, 
it might do a great deal more. The candle is at rest, relative to 
the other things in the room, and so relatively to them has no 
“kinetic energy” of motion. But relative to, say, a loose meteorite 
floating about in space, it has a tremendous speed (the speed of 
the earth) and so could give a most violent blow to the meteorite 
or anything on it, if a collision could be staged: so, relative to 
the meteorite, it has enormous kinetic energy. It also has heat 
energy. It cannot do any work, however, with it, for it is no 
hotter than the other things in the room, and heat will not flow 
from it to them. On the other hand, if you dropped it into liquid 
air, the air would boil violently and the gaseous air produced 
could do work, say, by driving an engine. If the candle is lighted, 
it will produce a good deal of heat energy, though even here 
we do not know how much till we have settled whether it is 
going to burn with a smoking flame or a clear one. In fact, 

«07 
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no one can say how much energy a thing has, but they can say 
as a rule how much energy a process has. Thus they can say that 
dropping a 2 oz. candle to the floor 3 feet lower produces 

5. 100. 000, ergs (p. 210) of energy, that burning it in such a way 
that it changes to carbon dioxide and water only, produces 

25.800.000. 000.000 ergs and so on. 

This fundamental energy appears in several different forms. 
In the first place, all energy is either potential energy or kinetic 
energy. 

Potential energy is the capacity for doing work which a thing 
has on account of its position. Kinetic energy is the energy a 
thing has as a result of its nwtion. 

The energy of the water in a tank at the top of a house is 
potential energy. The same water rushing from a tap below has 
less potential energy, for some of its potential energy has changed 
into energy of motion — kinetic energy. 

Kinetic energy is energy of motion. A thing with kinetic 
energy can do work by setting other things moving faster and 
itself being slowed down. The energy of a gale or a jet of water 
or a rotating flywheel is kinetic. 

Heat energy is really kinetic energy. A hot thing has rapidly 
moving atoms: by slowing these down (i.e. cooling) it can speed 
other slower (cooler) atoms up and so do work. 

Electrical energy may be potential (as when two charged bodies 
at a distance attract or repel each other). It can also be kinetic. 
When a charge of electricity moves (as along a wire) it has 
energy in virtue of tliis motion. This is what we call magnetic 
energy. 

Radiation — light, radiant heat. X-rays, radio and so forth — 
is also a form of energy, and it is, as we shall see in Chapter XV, 
a rapid alternation of electrical kinetic energy changing into 
electrical potential energy and back again billions of times per 
second. 

Chemical energy is really electrical potential energy, for it is 
the energy that molecules can produce by rearranging their 
atoms, which are made up of electrical charges. If the explosive 
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liq\iid, nitroglycerine, is struck with a hammer, the atoms in it 
share up their electrons in another way with the result that it 
changes into half a dozen different gases and at the same time 
produces enough energy to cause a violent and destructive 
explosion. A ton of coal and 12,400 cubic yards of air, if the coal 
is lighted, give out 34,000,000 B.Th.U. of heat energy. We say, 
then, that the coal and air before they are lighted have 34,000,000 
B.Th.U, or, what is the same thing, 8,568,000,000 calories of 
chemical energy. It is in this sense that we speak of our food as 
providing so many calories of energy. 

Finally, mass is energy. Matter can be destroyed and becomes 
one of the other forms of energy, e.g., radiation. The source of 
the energy of radioactive changes — of the atomic bomb and of 
the stars — is the destruction of mass. So we can reasonably think 
of all energy as matter or all matter as energy. The theory of 
relativity and actual experiments indicate that every gram of 
matter is equivalent to 9 X 10*® ergs of energy. 

Energy can never be destroyed. It can be turned into other 
kinds of energy, but it is never destroyed or changed into nothing. 
This statement we call ITie Law of Conservation of Energy. 

Suppose a brick is dropped from the ceiling on to the floor. 
Qearly the brick has less energy on the floor. It can do less 
work. Where has this energy gone? The answer is that the 
ordered motion of the molecules downward was changed by 
the impact into a disorderly motion in every direction. The brick 
and the floor it hits become a little hotter, The potential energy of 
the brick at ceiling level chinged into kinetic energy of the falling 
brick, which on hitting the floor became beat energy of the brick 
and floor. If you wish to prove that kinetic energy can be changed 
to heat energy, hammer a nail on an anvil as violently and as 
quickly as you can. It wiU soon become too hot to touch. A 
blacksmith can hammer a horseshoe red-hot! Every machine 
turns a good deal of work into heat whether it is intended to 
or not. All the energy which is ‘ Vasted” in overcoming friction 
is turned into heat. 

It is known exactly how much kinetic energy is needed to 
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produce a certain amount of heat. Thus the energy furnished 
by a ten-horse-power engine working for an hour will raise 
about 14 gallons of water from the freezing point to the boiling 
point. We can always turn tliis amount of kinetic energy into 
heat, but unfortunately we cannot turn this quantity of heat into 
the same amount of kinetic energy. 

The turning of electrical energy into heat and radiant energy 
in a glow-lamp, the turning of chemical energy into heat energy 
in a candle, are familiar enough: in all these cases simple rules 
tell us what quantity of one kind of energy we get from a given 
amount of another. 

Thus, all the following quantities of energy are the same and 
can be changed into each other. 

1. 000 calories of heat energy {z, calorie^ is the amount of heat that 
will make a cubic centimetre of water one degree (C.) hotter); 

4.18 joules of electrical energy (a joule is the amount of energy 
of a current of one ampere at a potential difference of one volt 
flowing for one second); 

41.800.000 ergs of kinetic energy (an erg is the amount of energy 
needed to make a gram weight move one centimetre per second 
faster than it moved in the second before); 

4.65 X io~^* grams of mass. Mass, we have seen, is equivalent 
to energy, and under certain conditions matter can be converted 
into such forms of energy as heat. This occurs, we believe, in 
the sun and stars. 

Chemical energy is reckoned in calories, i.c., the quantity of 
heat it can be turned into. 

For practical purposes we usually reckon energy as horse- 
power-hours. A horse-power-hour is (as you would expect) the 
amount of energy an engine of one horse-power produces when 
it works for an hour. Another important measure of energy is 
the Board of Trade Unit used for electricity. One horse-power- 
hour = .746 (nearly f) of a Board of Trade Unit. This is 1000 


Caloric, with a capital letter, is i,ooo calories with a small letter. 

A British rherma. Unit is the amount of heat which will make i lb. of water i* P 
hotter. It is 252 calorics. 
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watts, a watt being the energy furnished by a current of i ampere 
at a potential of i volt, flowing for i second. 

Power is not the same thing as energy. Energy is the capacity 
for doing work, power is the rate of doing work. The usual 
unit of power is a horse-power, which was originally invented 
by James Watt as a way of defining how powerful his engines 
were. A horse-power is rather more than an average horse can 
do, at least for a long period of steady work. It is the amount 
of power needed to raise 33,000 pounds i foot in one minute; 


or 550 lbs. I foot in one second. It 
would take the same amount of 
energy to raise 350 lbs. through a 
foot in a second or in an hour; but 
it takes 3600 times as much power to 
raise it in the former time. 

It is interesting to test one’s own 
horse-power, and the easiest way (not 
suitable for anyone with a weak heart) 
is running upstairs. If you can run 
up a flight of stairs in 5 seconds and 
you weigh a hundred lbs., and the 
top of the stairs is 1 5 feet above the 
bottom, you are lifting 100 lbs. 13 
feet in 3 seconds. This is equivalent 
to lifting 1 300 lbs. i foot in 3 seconds 
or 1 8,000 lbs. I foot in i minute. A 
horse-power raises 3 3,000 lbs. afootin 
a minute, so your horse-power would 

18.000 

be or tt horse-power. The 

33.000 ^ 

record for a man seems to be about 



Fig. III. — One horse power raises 
5 50 lbs. through i foot in i second. 


zj h.p., but this can only be kept up for a very short time and 
about I h.p. is a good average for such an exercise as long distance 


cycling or sculling. 

The horse-power of an engine is measured in several different 
ways. The simplest of all is to couple it to a dynamo and so turn 
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the work it docs into electricity which is easily measured by volt- 
meters and ammeters. Suppose the engine makes the dynamo 
generate a current of 50 amperes at 100 volts. Then the dynamo 


IS 


producing 50 X 100 watts and the horse-power is - 


5000 


6 1 nearly; for 746 watts is one horse-power. 


746 


A second method is to make the engine do work against a 
brake, the pull on which can be measured. Fig. 112 shows a 
modern form of the Kelvin brake. The engine which is being 
tested turns a drum round 'which a rope is wrapped. A spring 
balance shows the pull on the end of the rope and a weight holds 
the rope taut. Suppose the spring balance shows a pull of 

fifty pounds weight; the 
radius of the drum is 5 feet 
and the shaft turns 200 
times a minute, and the 
weight weighs 450 lbs. 
Well, the friction of the 
rope on the drum and the 
pull of the balance, together 
hold up the 450 lbs. weight. 
The spring balance holds 
up 50 lbs. of it, so the 
engine is keeping 400 lbs. 
of weight from falling. It is 
doing this with the rim of 
the drum, which is 2 X 5 X 
about 31.4 feet long. 
Consequently, the rim goes 
at 31.4 feet X 200 revs. = 
6280 feet a minute. So it is 
really lifting a weight of 400 lbs. through 6280 feet, every minute, 
which is the same as lifting 2,512,000 lbs. through i foot every 
minute. One horse-power lifts 3 3,000 lbs. i foot in a minute, so our 



Fig. 112- 
cnginc. 


-Testing the horse-power of an 


engine exerts or nearly 76 h.p. 

35,000 


AH the work oui 
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engine docs is turned into heat: the heat produced would boil 
a hundred gallons of water every hour, so it is very necessary 
to run plenty of water through the drum to keep it cooil 

SOURCES OF POWER 

The modern world is run by machinery. All this machinery 
has to be driven by something — electricity, gas, wind, coal, 
petrol, etc. So the sources of power are really fundamental to 
modern civilisation. 

How are our machines driven? Practically everything is driven 
by a steam engine, a gas engine, an oil engine, an electric motor, 
a water-wheel, or very rarely a windmill. Now these engines 
must get their energy from somewhere. The steam-engine and 
gas-engine and oil-engine are, in effect, burning either coal or 
oil: in fact, turning the chemical energy of these fuels and of air 
into heat-energy which is turned into the kinetic energy of revolving 
wheels. Electric motors are driven by electricity generated from 
dynamos, driven by steam engines or oil engines or water 
turbines. So electricity either comes from coal or oil or else from 
the energy of flowing water. Beyond a few things worked by 
hand or by animals and just one or two sun-boilers and tide- 
motors, these are the sources of all our power. 

Wind and tide account only for very little of our power, so it is 
on COM., OIL and WATER-POWER tliat our civiHsation rests. 
ATOMIC POWER, however, may predominate in the future. 

As far as we know, coal is being made, if at all, far more 
slowly than we are using it up: the same applies to oil. They will 
last our time, but it is not so certain that they will last another 
500 years. Water-power wiU always last, for the sun brings the 
water back to the hills as fast as it runs off them, but it is not 
likely that even if every river in the world were driving its water- 
wheels and turbines, the resulting water-power would supply the 
present needs of the world. Tides and wind offer a vast supply 
of power, though rather a difficult one to use. The world's 
standby as far as power goes is still coaL 
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Fig. 113. — The energy of the sun’s rays raises moist air to the hills: the 
moisture condenses as rain and as it runs down to the sea, the energy 
originally provided by the sun reappears as kinetic energy of moving 
water, e.g. the waterfall, which we can utilise in a turbine. 

All power ultimately comes from the heat of the sun or the 
motions of the earth, moon and sun. Three hundred million 
years ago queer plants growing in ancient forests used the power 
of the sun’s rays to turn the carbon dioxide gas in the air into 
starch and sugar and cellulose — just as modern plants are 
doing to-day. You can read more of it on pp. 614^. These 
forests became submerged in swamps and marshes, and 
became embedded in something rather like the peat of 
modern bogs. In time, the bogs became buried under mud, and 
ages of pressure and warmth deep under the earth changed the 
woody fibre, the leaves, the spores of these plants into the black, 
strong material we call coal. More than j^^ths of coal is 
carbon. 

The power that turned the carbon dioxide of the air into 
carbon was the energy of the sun’s rays: when we burn the coal it 
becomes carbon dioxide once more, and the sim’s energy locked 



in the coal for three hundred million years is again manifest as 
light and heat. Oil, too, is believed to be the product of sub- 
terranean heat and pressure on some ancient microscopic creatures 



Fig. 1 14 — The energy of sunlight, utilised by ancient coal- 
forests and by the minute plants (later devoured by animals) 
in the ancient seas, is transformed via coal and petroleum to 
the heat and light -energy used in our homes. 


which abounded in primaeval seas. These got their substance from 
carbon dioxide and water, and the energy which built these 
substances into fats was the energy of the sun. When oil burns. 
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It gives carbon dioxide and water, and your car is cotisec^ucntly 
driven by die burning sunshine which beat on the sea a hundred 
million years before there was a man. 

Water-power is quite clearly sun power. The sun evaporates 
the sea. The water-vapour drifts to cooler regions and falls as 
rain on the high hills. The water running down from these, gives 
up its energies to turbines — energy which the sun gave it by 
raising it on high (Fig. 113). 

Wind-power too is chiefly sun-power, and the power of the 
earth’s rotation: differences of temperature set winds blowing 
(p. 717). Tidal power does not come chiefly from the sun. The 
moon attracts the water of the sea and holds it back so that while 
the earth rotates, the tide remains heaped up at rest relative to the 
moon. This is just as if the tide were running round the earth the 
opposite way to its rotation. The tides, of course, washing along 
the sea bottom, slow up the earth. They also puU the moon back 
(for of course the tide attracts the moon just as much as the moon 
attracts the tide). So, the motion of the tides is always slowing 
down the moon and the earth. The earth has been thought to 



PiO. 1 1 5 — How tlx tadiani energy ot the is tiansfoimed to kinctir enetgy 
of wind and thence to usetui work. 
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take about second longer to 
rotate at the end of each century 
than it took at the end of the last, 
but the evidence for this is quite 
shaky. The energy of the tide is 
now wasted, but around the coasts 
of Great Britain alone some 
12,000,000,000 horsepower are 
waiting for anyone who could 
spend the capital necessary to make 
them available. 

At present, the world is squan- 
dering capital. The coal measures 
took millions of years to make: man 
has found them and like a spend- 
thrift just come into a fortune, he is 
making his patrimony fly. Eng- 
land’s suppUes may last 500 years: of the errand ^ 

the world’s supplies perhaps 3,000 the revolution of the moon are 
years, assuming the quantity of coal 
used does not greatly increase. 

This time is only a moment in the history of the earth, standing 
in relation to the earth’s life as a fraction of a second to a day; it 
will pass, and the world’s coal and oil will be gone. Man will then 
have to use the heat of the sun and the power of the winds which 
the sun causes: these will last his time —for his species is likely to 
be extinct long before the sun cools appreciably; he may use the 
power of the tide, for it will be hundreds of millions of years 
before the earth slows down much: or he may use the huge 
store of heat in the interior of the earth at prese^it beyond our 
reach. Finally, he may be able to unlock the stores of power in the 
atom. need not think that our descendants will lack power: 
they will have it, but will get it in new and strange ways. But 
none of those who read this will see the year 2050, so it is the 
way that power is now obtained which affects us most. 
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COAL 

The prime source of power is coal, from which almost all of 
England’s power and the greatest part of the world’s is derived. 

Coal does not occur like chalk or granite, in great hills. Even 
an enormously thick peat-bog when dried and hardened into coal 

will not make a very thick layer and so coal is found in ‘^seams’’ 

layers of irregular thickness rarely as much as ten feet thick, and 
often as little as one or two feet. The rock above and below coal 
is usually shale or slate (hardened mud), and so coal seams are, 
as far as we know, not found at very great depths. The deepest 
coal mine is no deeper than a mile and a quarter. 




If there is good reason to hope that a coal seam underlies a 
piece of land, the first thing to do is to find out whether the coal 
exists, and if so, how deep it is, how thick the seams are, and 
whether it is of good quality. The best thing to do, is to sink a 
trial shaft several feet in diameter, but as this is very expensive, it is 
more usual to drill boreholes. A hollow drill, usually a diamond 
drill (Fig. 19), is used and the “cores’’ cut out by it are brought up 
and examined. The holes may be sunk a mile in depth, but in 
England we rarely go so deep. If the coal is of good quality, and 
in seams thick enough to work, the next step is to sink a shaft 
down to the coal. This will ultimately be the passage by which 
men, coal and air are brought up and down and through which 
the subterranean water, which almost always gives trouble, is 
pumped to the surface. 

The method of sinking a shaft depends very greatly on the 
ground it has to penetrate. It is a well which may be as small as 4 
feet by 6 feet, or as large — in some American collieries — as 15 
feet X 52 feet. If it is to be sunk in hard rock, a number of holes 
are bored, five or six feet deep, and charged with dynamite: this 
is exploded, and when the fumes have cleared, the broken rock 
is hoisted out and fresh borings and blastings are made. 

The shaft may be sunk as quickly as six feet a day, but a slower 
pace is usual. The shaft is commonly lined with timber or con- 
crete, or sometimes cast-iron, such as you see in a tube-lift. An 
unlined shaft might fall in. Very soft or watery soils are very 
difficult to deal with, for they fall in as fast as they are dug out. 
Many different plans have been used for them. One of the most 
interesting is to sink small bore-holes in the ground and inject 
liquid concrete. This sets solid and the shaft is simk through the 
concrete. Another still queerer way, used for wet soils, is to drive 
bore-holes round the edge of the place where the shaft is to be, 
and sink in these a ring of 6 inch pipes: inside these are lowered 
I J inch pipes. Down the latter, strong salt solution, cooled below 
0° C., is pumped and thus in a month or so a ring of ground is 
frozen solid. Inside this ring of hard ground the soft wet soil is 
quickly excavated and an iron lining is put in. Once this is done, 
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the ground is allowed to thaw, but no water can then get into the 
shaft. Every coal mine in Great Britain is compelled by law to 
have two shafts. 

These shafts once sunk, a tremendous system ot galleries is 
cut in every direction. One pit may radiate over a square mile or 
more from the shaft. It is quite common for the single pithead 
you see at the surface to be the entrance to a town of dark 
galleries and roads, much larger than the mining village above 
it. A thousand acres is not large for the workings of a coal mine. 

The coal is not taken from the ground close to the bottom of the 
shafts: if it were, there would be danger of the ground collapsing 
and blocking these. Two main “roads’’ usually lead to the shaft: 
one is used for hauling coal, the other is for the miners coming 
and going from their work. 

There are several different ways of working a coal mine. 
You cannot just hew the coal out and take it away, for the coal 
is the only thing that holds up millions of tons of overlying rockl 
The “bord and pillar” way of working leaves pillars of coal to 
support the roof: the method is a little difficult to understand, so 
the more frequent “long-wall” way of working will be described. 

Suppose the seam of coal is level and about 5 feet 6 inches thick. 
Clearly, the roadways cannot be cut only in the coal itself, so they 
must be cut in the coal and in the “roof” of rock above it. The 
stone which is taken out in doing this is used to make a strong 
wall on each side of these main roads and these are roofed with 
steel or timber to prevent them falling in. When the part of the 
mine where the coal is being worked is reached, a long gallery 
runs all the way along the edge of the untouched coal. In this 
gallery, the miners cut the coal, which is then taken to the main 
roads and so back to the shaft. When the coal is cut away, the 
road and the props are moved forward again. The space left by 
the coal taken away is filled up with the loose “goaf” or stone 
rubbish, which is taken out at the same time as the coal. 

This gradually crushes down and the rock above collapses on 
to it. This does no harm, as the main roads are well supported. 
Fig. 1 1 8 gives some idea of long-wall working. 
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The miner's chief 
job is cutting the 
coal from the seam, 
and since coal is 
brittle and small coal 
or coal dust is not as 
valuable as big coal, 
he has to try not to 
break it up too much. 
For this reason, blast- 
ing is not greatly em- 
ployed and when it 
is, a rather mild type 
of explosive is used. 
The miner who cuts 
the coal has one of 
the hardest jobs on 
earth. He often has 
to do it in a very con- 
stricted space, illu- 
minated by a feeble 
lamp (Plate X). 

The method is to 
cut a deep groove in 
the face of the coal, leaving an overhanging block. The block 
is split oS either by blasting or by driving wedges, and loaded into 
a truck on rails and pushed or hauled to the main roadway whence 
it is hauled, usually mechanically, to the bottom of the shaft. 

Machines for cutting the cool are often used, and where there 
is room to handle them are preferred to hand-labour. 

The coal when once cut may have two miles to travel, and the 
miner, once at the pit-bottom, may have as far to walk to his work. 
In many mines conveyor belts and mechanical transport move 
the coal and the men; but their use is difficult in the narrow and 
tortuous workings of the older mines. 

A man working uses up a good deal of air — ^for our muscular 



Fig. ii 8 — The long- wall system of mining. 
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effort is ultimately performed by making the oxygen of the air 
combine with the glucose supplied to our muscles by our blood. 
He also produces a great deal of heat, and as the bottom of a 
mine is hot and moist, he finds it difficult to get rid of his heat by 
evaporation (p. 117). Moreover, the coal produces gases, chief 
of which is the inflammable and explosive methane or fire-damp. 
For all these reasons it is most necessary to ventilate the mine. 



Fig. 1 19 — How a coal mine is ventilated. 


and to ensure that through every road and alley- way flows a 
supply of pure clean air. Roughly speaking, a hundred cubic feet 
of air per man per minute should be supplied. 

In England, the used-up air is sucked out of the mine by 
means of huge fans as much as forty feet in diameter, as high as a 
three-storcy house. These are run slowly, but smaller fans run 
quickly are often used. A big mine may need half a million cubic 
feet (a church-full) of air every minute. The air is thus sucked out 
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through one shaft and so is compelled to enter by another. 

Very great care has to be taken to guide it through every 
single working in the mine. The diagram (Fig. 119) gives some 
idea of the way this can be done. The difficulty lies in the fact 
that a mine is a complicated ma^c of workings; and the air 
therefore, if not prevented from doing so, would take a short 
cut from the intake to the exit and never go near the coal face. 
Every passage-way, therefore, which is not in the direct line 
through which the air is intended to go, must be closed by 
wooden doors (D); or fabric screens (S); where the passages fork, a 
regulator (R), which is a partition with a sliding shutter, regulates 
the amount of air which goes to each. 

There are only a few mines where there is no inflammable gas 
evolved from the coal. In these few, the miner lights himself by a 
candle or an oil lamp, often stuck on his hat. But in the vast 
majority of mines, the coal gives out gases which will burn and 
explode if the air of the mine contains a sufficient proportion. 

The gas is called Fire-Damp by the miners, and it can often be 
heard whistling out of cracks in the coal. A fair specimen of 
fire-damp might be three-quarters methane — wliich is the stuff 
of which about half of our ordinary illuminating gas is made. 
The chief difference between fire-damp and ordinary gas is that 
the former is not poisonous. Ordinary gas has carbon monoxide 
in it — fire-damp has not. Another dangerous explosive is fine 
coal dust. Almost any inflammable fine powder will explode if 
mixed with air. Thus, you are not allowed to take a light into a 
flour-mill for fear of explosion. A mixture of air, fire-damp and 
coal dust is very dangerously explosive, and in ‘^fiery” itiines 
explosions will occur in spite of the precautions taken. The best 
precaution is good ventilation which sweeps the gas away. 
Equally important but more difficult to enforce is the precaution 
of seeing that no flame or spark which might explode the gas can be 
made in the mine. Miners are searched to see that they do not bring 
matches into the mine and the mine is lighted by some arrangement 
which cannot set the gas alight. Electricity is used in mines which 
have little or no gas, but it introduces danger from stray sparks. 
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The miner himself may carry an electric lamp rather like an 
electric torch worked by an accumulator, ora safety lamp burning 
oil. The safety lamp does not give much of a light but it is really 
safe, and, above all, it warns the miner when the air contains much 
gas. The principle of the safety lamp is that a flame will not pass 
between two cold metal surfaces very near to each other, for 


these cool the burning gas down till it will no longer burn. 
Thus, a flame will not go through cold copper gauze nor will it go 
through a narrow chink between two pieces of brass. 

Fig. 120 shows a safety lamp. The air enters at A, passing 



Fig, izo — A mexiem safety lamp 
(Courtesy of Messrs. John 
Davis, Lt<L, Derby) 


through two layers of copper gauze 
and then down between the thick 
outer glass chimney C and the thinner 
one D. It supplies the flame on the 
wick, and the burnt gases pass up the 
metal chimney and out through three 
copper gauzes. If there is a dangerous 
amount of gas about, it forms a pale 
mantle of flame round the bright oil- 
flame and the miner knows there is 
danger. If the flame sets alight to the 
air-gas mixture, this may burn in the 
lamp but the flame cannot pass outside 
and explode the air and gas in the 
workings. Why shouldn’t the miner 
open the lamp? You might think he 
would not be fool enough, but there 
are always a few fools in every job, 
and a simple device prevents him 
from opening his lamp. An iron bolt 
which cannot be reached from outside 
is held by a spring so that it locks the 
brass base from being unscrewed. 
When the lamp is to be filled outside 
the mine, it is stood on a powerful 
magnet which pulls the iron bolt 
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down and allows the lamp-man to unscrew the top. If the lamp 
goes out in the mine, it can be relit by a spark from the “igniter,” 
an arrangement like a petrol lighter. All the same, accidents con- 
tinue. The effect of an explosion is of course disastrous. It 
is not a shattering explosion like that of a shell — it is half-way 
between burning and explosion, the sort of thing that happens 
when the gas-lire goes off with a pop — but vastly magnified. 
The most disastrous effect is that the air is rendered useless for 
breathing. The burning uses up the oxygen, and the roads are 
left filled with deadly “after-damp” (nitrogen, carbon dioxide and 
carbon monoxide). The doors and so forth on which ventilation 
depends may be destroyed, so that the foul air cannot be removed. 
Worst of all, the explosion often causes the roofs to fall and cut 
off the retreat of the miners. But actually explosions, though 
appearing very terrible, kill far fewer miners than other accidents. 
In the two years 1946 and 1947, out of a total of 1,077 killed in 
underground accidents, only 192 were killed following expulsions. 
Although the number of fatal accidents lias about halved in the 
last twenty-one years, even now one miner in about 1,400 is 
killed every year and one out of every five still sustains an 
accident or contracts an occupational disease that disables liim 
for more than three days from work. 

The chief causes of injuries arc falls of ground and accidents on 
the underground roads along which coal is transported from the 
face. Haulage accidents, however, while accounting for about 
one-fifth of the fatal and one-quarter of the serious non-fatal 
accidents, have been substantially reduced. Progress towards 
greater safety in the mines has been made and more may be 
expected in the long term under nationalisation, with wider 
facilities for scientific research and more intensive modernisation 
of the pits. The introduction of fluorescent lighting, if proved 
practicable, may well help to prevent accidents. But there will 
always be a dangerous clement in mining and it is some satis- 
faction to realise that the average weekly earnings of an adult 
underground miner to-day, at £8 los. 9d. (inclusive of allowances 
in kind) are more commensurate with the risks of his job than the 
1935 rate of 44s. 
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The coal, while we have talked of accidents, has found its way 
to the pit shaft whence a winding engine hauls it to the surface. 
The winding engine is quite a problem in itself. It must stand 
idle when nothing is being hauled, then heave up five or six tons 
of coal quickly to the surface. The best of these engines will 
haul five tons of coal vertically up a shaft a third of a mile deep at 
thirty miles an hour. 

The boiler of the engine must always be ready to give a big 



supply of steam at a moment’s notice. On the otlier hand, it is 
bad business to keep burning the whole time a fire of sufficient 
power to give this big supply. So an “accumulator” is used. A 
reasonably small boiler gives a continuous supply of steam at, 
say, 150 lbs. square inch pressure, wliich is forced into another 
boiler of hot water. The steam condenses under the pressure and 
superheats the water, i.e., raises its temperature, to say, 180° C., 
much above the ordinary boiling point. When a big supply of 
steam is needed, the accumulator is connected to the engine and 
as the steam enters the cylinders of the engine, the pressure fells 
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and the water boils, supplying the large amount of steam rt;quired. 
The temperature of the water falls, of course, as it boils, but long 
before the water has become too cool to boil, the coal has been hauled 
to the top, and the boiler is charging up the accumulator again. 

When tlie coal is at the top, it is by no means fit to be sold. 
The top and bottom of a coal seam are usually black shale, looking 
just like a bit of coal to the amateur eye. But shale does not burn, 
and worse, it splits in the fire with loud explosions which used to 
be common in coal fires when coal was not so well "‘cleaned.’ ' 

Sometimes the shale is separated by throwing the coal on a 
travelling band from which a line of pickers take out the bits of 
shale. More often, machines are used. A coal cleaning machine 
is very ingenious. Try to think of a machine to separate 
irregular lumps of slate from irregular lumps of coal! The coal is 
screened (sieved) into bits all about the same size and these are 
washed in a stream 
of water. Now slate 
is twice as heavy as 
coal, and so it is 
possible to regulate 
the current of water 
so that it carries off 
the coal and leaves 
the heavy slate. 

The coal is dried 
and goes to the 
trucks on the sidings 
and tlieace all over 
the world. Great 
Britain turns out 
about 200,000,000 
tons of coal a year: 
the whole world 
turns out about 
1 , 5 00,000,000 tons . 

This would be a — Showing the connection between coal and 

conical hill of coal population. 
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as high as Snowdon and four miles round the base. 

The pkces in the world where coal is won are still the parts of 
the world where people congregate, and where goods are made 
and money changes hands. 

Fig. 122 shows a map of England with the coal area of England 
shown in horizontal shading, while the vertical shading shows 
the areas in wliich the number of people per square mile exceeds 
512. It tells its story! 

The coal, once sold, is used in many ways. It may be burned in 
a steam engine, made into cool gas, burned to make electricity, 
used in smelting iron and so forth, or nowadays even made into 
petrol, or it may be burned in the grate or kitchen range. Roughly, 
the uses are one-fifth to the home, one-fifth to the iron and steel 
works, a tenth to the niilways, an eighth to the gasworks and the 
rest, rather less than hilf, is used to drive the engines of thousands 
of factories and to make electricity. 

OIL 

The second greatest source of power is oil — petroleum and the 
various materials, petrol, paraffin, gas-oil, crude oil, etc., made 
from it. The greatest oil-producing district of the world is North 
America, which accounts for about three-quarters of the world^s 
supply. The other quarter comes chiefly from Rumania, Poland, 
South Russia, Persia, Burma and the East Indies. 

Petroleum does not, as many people think, occur in great 
subterranean lakes or pools, but is found soaked into a porous 
material such as sand or soft sandstone rock. Sand easily takes up 
one-third of its volume of liquid, as you can prove by pouring 
water into a tumbler of dry sand. The oil always has with it 
enormous volumes of inflammable gas. In the oilsands, this is 
highly compressed — up to 500 lbs. per square inch — and when a 
well is sunk, it is the force of the gas that drives the oil to the 
surface. Underneath the oil is often salt water, and over it if 
always some non-porous rock which prevents the oil and gas 
from escaping. Fig. 123 shows how gas, petroleum and water 
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occur in an oilfield. 

The gas is usually 
highly compressed, 
and if the field is 
tapped near the top 
of the oil formation, 
a supply of this gas 
may be obtained. It 
is mainly methane — 
the fire-damp of coal 
mines — and is a most 
excellent fuel. In 
America it is col- 
lected and pumped 
to all the neighbour- 
ing towns as gas- 
supply. Fig. 123 gives 
only a general idea of 
an oilfield: very many 
other arrangements 
of rocks are possible, but in most of them, the light oil finds its 
way to the top of some sort of dome-shaped mass of porous rock. 

When a new oilfield is struck, the gas and oil may escape from 
the porous sands into the casing of the borehole with such 
violence that a vast jet of oil, gas and sand may run to waste for 
months. The spray of oil falls for miles round: the roar of escap- 
ing gas is unbearable. Very often the air is so full of gas that the 
bystanders are half anaesthetised by it. 

Most oilwells are now drilled by the rotary method (Fig. 124), 
A tall framework called a derrick is erected. This, the most 
conspicuous thing about an oilwell, is needed so that the drill 
stem can be hauled out of the hole by ropes going over pulleys 
at the top of the derrick. At the bottom of the derrick, is a 
rotating table (T) which is driven, usually by a chain, from an oil- 
engine or steam-engine. 

The table has a square hole in it and through this passes a 
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Fig I Z4 — Rotary rig for drilling oil-wells. 


nollow Stem, to which many lengths of pipe are attached. To the 
end of these a hollow drill is connected. As the table turns, the 
weight of the drill stem forces the drill to grind away the rock. 
Water or, better, thin mud which is heavier and supports the walls 
of the hole, is pumped down the stem, and washes the mud to 
which the rock is converted up to the surface. This goes on until 
the drill is blunted, when it has to be hauled to the surface and re- 
sharpened. As there may be three thousand feet of drill stem, and 
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the derrick allows only 100 feet to be drawn up at once, this is 
very wasteful of time. 

When the oil is nearly reached, a flow of gas is usually en- 
countered, and the hole is then lined by 
lowering a casing of iron pipes into it. 
This prevents the boring from caving in. 
The drilling once done, it remains to 
extract the oil. If there is likely to be a 
great pressure of gas, a massive steel valve 
is fitted to the top of the casing and the 
final drilling is done through this. 

Sometimes the huge pressure of gas 
blows away the casing head, derrick and 
all, and the oil runs to waste, but in most 
wells the gas drives the oil easily and 
smoothly to the surface. In order to use 
the pressure of the gas to the best advan- 
tage, a “casing-head” of some kind is fitted. 
Fig. 125 shows a “Packer-Jet.” A pool of 
oil and gas collects round the bottom of the 
pipes. The compressed gas travels up the 
outer pipe and at the same time pushes 
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Fig. 125 — Casing-head and 

Packer jet of oil-well. Valve of Packer-jet. 

(Courtesy of the British Oil Well Engineering Co., Ltd.) 
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the oil up the inner one. The gas finally escapes by valves into the 
oil pipe and lifts a froth of gas and oil to the surface. This goes to 
the storage tanks. In some American oilfields, the casing-head 
gas is pumped to towns several hundred miles away, but in 
many oilfields it is wasted. 

The well in time flows more and more feebly and finally deep- 
well pumps have to be used. 

In 1927 twelve hundred and fifty million barrels of crude oil 
were produced. This quantity represents a continuous flow of 
oil at a rate rather less than the flow of the Thames through 
London in a dry summer. The yearly total would fill a lake six 
miles square and ten feet deep. The weight of the oil produced 
each year is some 200,000,000 tons: this is only about a seventh 
of the weight of the world’s yearly supply of coal, which is 
therefore still the most important source of power and heat. 

The petroleum as it comes from the earth may be yellow, red- 
brown or greenish — not unlike a heavy lubricating oil. It is 
almost entirely made up of the elements carbon and hydrogen. 
Carbon and hydrogen atoms may be hitched together to make 
many thousands of kinds of different molecules and several 
hundred of these varieties are to be found in any sample of 
crude oil. 

Crude oil, is then a medley of different hydrocarbons. Page 235 
shows some of the chief molecules in it. Now it is easy to see 
that since all molecules at the same temperature have the same 
energy — for the temperature of a thing is the energy of its 
molecules—-the little light ones must be moving fast and the big 
ones slowly. So, if one heats petroleum — that is, speeds up its 
molecules — the first ones to be speeded up enough to fly away 
from the liquid in the form of vapour will be the lightest ones. 
In the same way, if we cool petroleum vapour, the heaviest 
molecules will be the first to change back to liquid and the 
lightest molecules will need the most cooling to make them 
cling together into the liquid form. 

The modern way of refining petroleum is to pump it through 
tubes set in a furnace (Fig. 126), keeping the pressure so high that 
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CRUDE PETROLEUM 
is separated by refining into 


^35 


PETROL with such 

molecules as 

Hexane Pcntamethyicne Di-isopropyl 
(black balls represent carbon atoms, white balls 
hydrogen atoms) 


PARAFFIN OIL With larger 
molecules such as 

Nonane Decahydro-naphthalene 

GAS OIL with Still larger 
molecules such as 





Eicosane 


o LUBRICATING OIL with Very complicated molecules con- 
.g sisting of carbon chains in rings and branches 



ASPHALT with huge molecules of unknown size and form. 


Tjfe Vforld of Untnce 

it wiU not boil. It is then discharged into the base of a tower filled 
with shelves. The hot petroleum, as soon as the pressure on it 
is released, bursts into vapour. All the lighter molecules pass up 
the tower as vapour: the heaviest ones, however, refuse to boil 
and stay at the bottom: these constitute fuel oil. The vapour 
partly condenses to liquid oil as it goes up die tower; and as the 
vapour bubbles through the condensed oil on the shelves, it 



FIG. 126 — Diagram of modem petroleum refining plant. 

(From material supplied by Messrs. A. F. Craig & Co.) 

leaves most of its own heavier molecules behind, and takes up 
the lightest ones from this oil. Steam, blown into the fuel oil at 
the base, helps to hasten the lighter molecules on their way. 

The result is that heavy gas-oil finds its way to the lower 
shelves: less heavy paraffin-oil (iUuminating oil) can be run off 
about half-way down, while petrol vapour leaves the top of the 
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tower uncondensed. This petrol vapour is run through water- 
cooled tubes and so turns back to liquid petrol. 

Paraffin and petrol are further re^ed by treating them with 
various substances which take from them the sulphur compoimds 
which give the raw liquids a foul smell. 

The fuel-oil left at die bottom of the rectifying tower is often 
made into lubricating oil, paraffin wax and asphalt. 

The process of refining gives us: 

35 gallons of petrol • — ► CARS 

lo gallons of paraffin OIL LAMPS 

15 gallons of gas-oil ► GAS-WORKS 

38 gallons of fuel-oil DIESEL- 

I ENGINES 


From 100 
gallons 
crude 
petroleum 


I 


LUBRICATING OIL. WAX. ASPHALT. 


Lubricating oils must have a high boiling point so that they 
will not evaporate or burn easily. On the other hand they should 
not contain any wax, which makes them go solid in cold weather. 
To make them, the heavy fuel oil is heated in a boiler and the 
vapour which comes over is condensed. The stuff which remains 
behind in the boiler is a kind of asphalt, used for road-making. 
The liquid which comes over is called wax-distillate. It is cooled, 
whereupon the wax separates out (just as fat separates from olive 
oil or sugar from honey in cold weather). The mixture of wax 
and oil is squeezed through cloth by presses. The wax remains 
behind and the oil passes on. The oil is again distilled and then 
filtered through fuller’s earth, which takes out much of its dark 
colour and also stops particles of wax. Several processes have 
been applied to lubricating oils to help them to stand up to the 
very severe conditions of temperature which obtain in motor- 
car cylinders. Hydrogenation, applied to the well-known 
Essolube, is one. It is performed by treating the oil with hydrogen 
gas in presence of certain catalysts which make the oil and 
hydrogen combine. The effect is first to convert the many 



z}6 The World of Sciena 

complicated hydrocarbons, which arc most easily broken up by 
heat, into a few more resistant ones: secondly, to turn the sulphur 
and nitrogen and oxygen compounds in the oil (which arc useless 
and deleterious) into sulphuretted hydrogen, ammonia and water 
which are easily removed. The advertisements have very fully 
informed the public of the effect of the process in improving the 
heat-resisting and other qualities of the oil. 

The complicated tarry hydrocarbons can also be removed from 
the oil by treatment with solvents — a method adopted by the 
Vacuum Oil Company for their Mobiloil. The lubricating oil 
after separation from wax is mixed with two liquids. The first 
is a liquefied gas (propane, CgH^) kept liquid by high pressure: 
this solvent may be thought of as an exceedingly light petrol. 
The second is a liquid somewhat resembling carbolic acid. The 
first solvent dissolves all the desirable part of the oil: the second 
dissolves the tar. As the two solvents, like oil and water, do not 
mix, they separate out on standing. The top solution is lubricating 
oil in propane, the lower is tarry matter in the “tarry solvent.'’ 
Both of these are distilled, so separating the solvents which are 
used once more. The resulting oil is very resistant to high 
temperatures and consequently deposits very little carbon in 
use; it also is more fluid at low temperatures, so ensuring easier 
starting. The figure below illustrates the method. 



i»TG, 1 27 — lUustmting the Qearosol process for refining lubricating oil. 
Courtesy of the Vacuum Oil Co,, Ltd.) 
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The ^^paraffin-wax” separated from lubricating oil is squeezed 
free of oil and as it is cheap, waterproof, white, odourless and 
tasteless, it finds uses in a great many different trades. It is used 
chiefly for making candles, but a good deal is turned into water- 
proof waxed paper for packing. Some is used in polishes and 
as an electrical insulator. 

Oil and the petrol, etc., made from it arc very convenient fuels 
indeed. A liquid is far easier to pack and store than a solid. 
Moreover, as we shall see, a liquid can be vaporised and burnt 
inside the cylinder of an engine — a much more efficient way 
of making power than burning coal under a boiler to make 
steam. The different oil products are used for different jobs. 

Petrol is easily turned into vapour and is therefore the perfect 
fuel for internal combustion engines — cars, aeroplanes, etc. On 
the other hand, it is very easily set alight, which makes it un- 
suitable as a household fuel, and it is expensive, which makes it 
unsuitable for driving the engines of steamships, factories, etc. 

Paraffin oil is not so suitable for internal combustion engines, 
as it is difficult to get it into vapour unless some special arrange- 
ment is fitted. Since you can dip a lighted match into it without 
setting it alight, it is safe enough for household use in oil-stoves, 
lamps. Primus stoves, etc. 

Fuel-oil is difficult to vaporise and difficult to set alight. The 
only way to burn it is as a spray. The Diesel engines (p. 272 ff.) 
use a fine spray of oil instead of the petrol vapour of an ordinary 
petrol engine. They are greatly used in ships and very heavy 
lorries and stationary engines, but till recently have been too 
heavy for use in motor-cars and aeroplanes. Much fuel-oil is 
used by spraying it into the furnace chamber below the boiler 
of a steam engine. This is the chief way of using oil on board 
ship. 


WATER POWER 


The third great source of power is water. To use water-power 
efficiently a fairly rapid fall is needed. The Thames water, if wc 
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could make it do work all the way from the hills to the sea, would 
give more than 10,000 h.p., but in fact it is not easy to design 
efficient machinery to use the motion of gently flowing water. 
The ideal condition for using water power is at a waterfall where 
the water can be led down steeply through pipes to the turbine 
below ; it is often necessary to make a waterfall by building a 
dam. 

The water-power resources of Britain arc not large when corn- 
compared with those of the U.S.A., Canada, U.S.S.R., India, 
China or New Zealand, and the greater portion of them are con- 
tained in the Highlands of Scotland. The North of Scotland 
Hydro-Electric Board, established by Act of Parliament to de- 
velop Scottish water power resources, is now actively engaged in 
building hydro-electric stations, many of which have been already 
put into service, and a general description of one of the schemes 
recently completed by the North of Scotland Board will give a 
very fair idea of the way water power is used (pp. 245-4). 

But first of all we must look at the way in which moving 




water can be made to give up its energy to a water-wheel or 

turbine. There are two chief types of 
water turbine, namely the reaction 
X,- / turbine and the impulse turbine. 

reaction turbine depends on 
the fact that the force that a jet exerts 
the water that spurts from it is the 
xy same as the force that the water exerts 

ff on the jet. The simplest form of 

reaction turbine is the ordinary lawn 
Sprinkler (Fig. 128). If a pulley were 
connected to the revolving head, the 
sprinkler could clearly be made to do work. The simplest kind 
of impulse turbine is the water-wheel, where a jet strikes vanes 
or buckets set on the edge of a wheel and so drives it round. Both 
kinds of turbine are greatly employed. 

The energy of the water is energy of motion : consequently, a 
100% efficient turbine would leave the water which has passed 




PLATE XII 



Derwent V )ct-cngine, hy Rolls-Royce Ltd., sectioned t<j show combustion 
chamber, etc. (By ctmrtesy of Messrs. Rolls-Royce Ltd.) 
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through it standing still I 
This is of course im- 
possible, but water tur- 
bines may extract 85% 
of the energy of the 
water. 

Reaction turbines may 
be of the tangential flow 
type or the axial flow 
type. Turbines of the 
tangential flow 
type have a rotor with 
blades set around the 
circumference and the 
axial flow type turbines 
have a rotor in the form 
of a propeller. The 
propeller blades may be 



fixed or movable to 
suit varying water flow 
conditions, exactly as the 
blades of ship or aircraft 
propellers can be set at 
different angles to obtain 
varying performances. 
There are, then, three 
main designs of water 



Fig. 129 — A reaction turbine driving an electric 
motor. Beiow is shown a horizontal section of 
the vanes in the outer fixed part (stator) and the 
inner moving part (rotor). 


turbine common to manufacturers in all parts of the world': the 


Francis (tangential flow reaction), Kaplan (axial flow reaction), 
and the Pelton (impulse). In any description of a hydro electric 


scheme the turbines will always be described by one of these 


names and not as reaction, impulse, etc. 


The reaction turbine is designed so that its rotating part if held 
still would change the direction of the water stream. The stream 
resists this change by driving the rotor. Fig. 129 shows a large 
Francis turbine driving a generator. The water enters the vanes 
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Fig. 1 50. — The essential part of a Pelton 
wheel. 




Fig. 13 1. — Showing 

(above) how a Pelton 
bucket returns the 
water in the direction 
it came from, while a 
flat plate (below) de- 
flects it only through 
a right-angle. 


ot‘ the stator and thus is made to flow spirally inwards. It then 
flows inwards and downwards between the turbine blades of the 
rotor and so forces them to rotate in the direction of the arrow. 
This kind of turbine is very effective where small or medium 
heads of water are available. In this instance the turbine and 
generator are of the vertical type, but they could also be arranged 
with the shafts horizontal. 

With a Kaplan turbine installation the machines would be 
vertical as shown in Fig. 129, but instead of a rotor with blades 
on the circumference there would be a rotor in the form of a pro- 
peller (Fig. 132) and the water would flow along the axis instead 
of around the circumference of the rotor. 

The Pelton wheel is used where the quantity of water is small 
and its pressure is great. It is very efficient and its efficiency 
depends on the shape of the buckets on its rim (Plate X). If the 
jet of water merely struck a flat stationary plate, it would fly out 
sideways with much energy, all of which would be wasted 
(Fig. 1 31). The Pelton bucket, however, is so designed that 
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if held still it would catch the jet of water and return it in the 
direction in which it came at about the same speed (Figs. 130, 131). 
But when the wheel is running, the rim is going nearly as fast as 
the jet of water, so the water leaving the bucket is travelling /or- 
ward with the bucket at just about the same speed as it is deflected 
backward by the bucket. Consequently the water actually has 
almost no velocity at all 1 It drops dead from the wheel, which 
receives up to 85 % of its energy. The control of water at up to a 
thousand pounds per square inch is a tricky business. Valves must 
be contrived to shut off the water very slowly for fear of bursting 
the pipes. They must 
also be contrived to 
throttle down the water 
without changing its 
direction at all, for the 
Pelton jet must hit its 
bucket square in the 
middle. The usual valve 
is a ‘‘spear” valve in 
which a spear-shaped 
piece of metal can be 
screwed forward to 
block the jet to the 
required extent. 

The ordinary water-mill is partly of the impulse type and 
partly operated by the weight of the water. 

The type of turbine for any hydro-elcctric power station is 
chiefly settled by the water conditions and there are no simple 
rules that decide what particular type of turbine should be 
used. In general, Pelton wheels are used for high pressures 
and Propeller and Kaplan turbines for low pressures. The 
Francis turbine is most suitable for medium heads although it 
overlaps the other two types at both ends of the scale. 

The Pelton wheel is sometimes used in the smaller sizes for 
heads as low as 250 ft. Usually it is arranged for horizontal 
operation with the turbine rotor, or runner as it is more usually 
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called, mounted on the generator shaft which is made long 
enough to do this, but Pelton wheels can be made for vertical 
running. 

The Francis turbine is used for heads ranging from 6o feet to 
1,200 feet and there are possibilities that it will be made suitable 
for heads higher than 1,200 feet. It may be arranged either 
horizontally or vertically and, as with the Pelton wheel, the 
turbine runner or rotor is often mounted on an extension of the 
generator shaft. 

For low heads the fixed blade Propeller turbine or the movable 
blade Kaplan turbine are commonly used, the latter being 
particularly suitable for varying loads and heads, as explained 
earlier in this section. 

The designing of a suitable turbine and generator is, however, 
usually the smallest part of the building of a plant to operate by 
water power. The greatest part of the task usually consists in 
collecting the water from rivers or watersheds, arranging for 
storage of sufficient water during periods of a low rainfall and 
then bringing the water to the power station. 

The North of Scotland Flydro Electric Board have plans in 
hand for the construction of hydro-electric power stations 
having an aggregate capacity of 963,700 kW with an annual 
output of 2,849.5 million kilowatt hours — a staggering figure 
at first glance, but only sufficient to keep alight one 60-watt lamp 
for every one of the 50 million inhabitants of the United Kingdom 
for five weeks. 

One of the many schemes partially completed and in operation 
is the Tummel Garry Scheme in Perthshire, utilising the waters 
of the River Tummel and its tributaries to produce about 
300 million units annually. This scheme is a development of the 
Rannoch and Tummel hydro-electric schemes which were 
constructed by the Grampian Electric Supply Co. between 1930 
and 1932 and which are now under the control of the Board. The 
Tummel Garry scheme involves the construction of three dams 
and three power stations and the driving of tunnels and aque- 
ducts for a total distance of more than 200 miles (Fig, 133). 



244 World of Science 

The water is collected from a catchment area of 706 square miles. 

A mass concrete dam, 1,3 10 feet long and izy feet high, in Glen 
Errochty creates a new loch three miles long from which water 
is carried through a tunnel six miles long to the power station 
on the shores of Loch Tummel. 

At the Eastern end of Loch Tummel in the gorge of the River 
Tummel, the Clunie Dam has been built which has raised the level 
of the loch and increased its length. From the dam a two-mile 
tunnel leads the water to Clunie Power Station. This tunnel is of 
horse-shoe section with an equivalent diameter of 25 feet, and 
when the station is operating on full load, about 2,500 million 
gallons of water per day pass through it. About 400,000 tons of 
rock were excavated during the driving of this tunnel. The 
water from Clunie Power Station, after doing its work in the 
water turbine, discharges into a new reservoir which has been 
formed by building the Pitlochry dam. In the Pitlochry dam is 
built the Pitlochry generating station. The Pitlochry dam and 
power station were built to equalise in the lower Tummel the 
fluctuating discharge from the Clunie station. The Scottish 
Hydro Electric Board is particularly proud of the Pitlochry dam 
and generating station because their construction has not 
destroyed the amenities of the area, a charge so often laid against 
hydro-electric engineers. In actual fact, the erection of a new 
loch at this point may be said to have improved the scenery, and 
the Tummel Garry scheme and the Pitlochry Station in particular 
attract visitors from all over the world to view not only a power 
station but a beauty spot. Like many of the rivers in Scotland, 
the Tummel and the Garry are salmon rivers, and fish-passes had 
to be incorporated in the structure of the dams. The Pitlochry 
dam is interesting in that it has a fish-pass with an underwater 
observation chamber. Another interesting feature is the fact 
that the plant at Clunie and at Pitlochry can be controlled from 
one control room at Clunie Station. 

The world^s greatest single source of water-power is Niagara 
Falls. Here there plunges over a precipice some 200,000 cubic 
feet of water every second. If all this water were led through 



Power 245 

turbines, about 4,000,000 h.p. could be generated. Actually, 
about a quarter of the water is used and 950,000 h.p. generated 
There is a treaty between Canada and the U.S.A. limiting the 
quantity of water each may take. Niagara Falls is near to great 
centres of population and rich sources of minerals, so that it 
gives power where there are works to use it, people to run 
the works and customers to buy the goods. Other great falls 
such as the Victoria Falls in Rhodesia, which could probably 
generate nearly a million h.p., are far from centres of population. 
Possibly, if the black races develop, this great fountain of free 
power may cause an industrial area to spring up round it: the 
climate, perhaps, makes it impossible for white men to build 
up great industries there. The same applies to the Kaieteur Falls 
of British Guiana and to many others. 

Actually it seems that about 50,000,000 h.p. are generated from 
water-power, while, if all the chief sources of water-power 
(excluding tides) were used, some 240,000,000 h.p. could be 
made. 

The British Empire— excepting Canada, which generates more 
than 5,000,000 h.p. — has not greatly developed its huge resources. 


WIND AND TIDE POWER 

Coal, oil and water supply almost the whole of the world’s 
power. A few odd fuels like wood are here and there used for 
power, but these could never be really important. The three 
neglected sources of power are wind, tides, and the internal heat 
of the earth. The difficulty about using wind-power is that it 
takes a large, bulky and expensive wind-wheel to develop quite 
a small horse-power; that when the wind is feeble a huge and 
light wind-wheel is required to obtain any power, and when 
the wind is strong it is very apt to blow a large light wind- wheel 
away. Moreover, the power is not available all the time, and 
no one knows wherner or not there will be a wind, say, a fort- 
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night to-day at nine in the morning. So any system of wind- 
power must be able to store a supply of energy when the wind 
is strong, to be used up on days when it is calm. Now it is not 
easy to store a great deal of energy. The most efficient way is to 
turn it into electricity and store this in accumulators, but accu- 
mulators are so expensive that this is not a paying proposition. 
To-day windmills are occasionally used for pumping water and 
more rarely for generating electricity. 

The use of the tides seems more promising. Every day the 
sea rises and falls some 1 5 feet twice a day. In some places this 
is much exceeded. In one square mile of sea alone the tide power, 
if it could all be utilised, would give 15,000 h.p. all day long. 
The difficulty is to use the power. An experimental tide-plant 
was recently tried out 
at Avonmouth where 
the tides are very high. 

The principle is to 
allow the tide to run 
in and out of a large 
dammed-off dock (Fig. 

134) through a turbine. 

The turbines, which 
will work with a low 
pressure of water, 
such as the tides give, 
arc not very efficient 
necessary locks, dams, etc., for an amount of money which can 
be repaid by the power that can be obtained from the turbines. 
At present no one is prepared to expend the material and labour 
required to develop our tide resources. 

There remains the internal heat of the earth. It is found that 
a deep mine gets about a degree Fahrenheit hotter for every 
hundred feet we descend, so that at a depth of 25,000 feet the 
temperature would be well above that at which water would 
boil. So it would seem just possible to let water flow down a 
pipe to the bottom of a bore-hole of that depth and use the steam 



Fig, 134. — ^The power-unit of the ShishkoflF Hydro- 
thermal power-plant. (Courtesy oi The Engineer.) 


and the difficulty really is to build the 
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from it to drive an engine. The difficulties are at present enor- 
mous. No one has ever made a hole deeper than 7,348 ft. (about 
a mile and a half), and very deep holes are tremendously expensive. 

In volcanic regions, however, the heat is much nearer the 
surface and it has been found possible to get power from the 
jets of steam which issue from the groimd in certain districts in 
Italy, where the rocks are believed to be molten only a mile 
underground. Similar plant could be erected in most volcanic 
districts, but unfortunately eruptions and earthquakes make 
these very unsuitable for factories and power-houses! 

The possibilities of atomic power are discussed in Chapter XIX. 
Great quantities of heat are produced when the heavier atoms 
split into roughly equal portions. This happens at a manageable 
rate in the various types of atomic pile. The earlier piles had to be 
kept down to a low temperature to prevent corrosion of the 
casings in which the uranium is enclosed. This meant that the 
heat had to be taken off at a rather low temperature. Recently 
(1948) a form of casing has been devised that will stand high 
temperatures and there now seems to be no insuperable obstacle 
to setting up atomic power plant, though doubtless many diffi- 
culties remain to be solved. 

DISTRIBUTION OF COAL-POWER 

Coal has the great disadvantage of being a solid, and a solid 
is the least convenient form of material to distribute. Compare 
the ease of occasionally turning a gas-tap with the difficulty 
of stoking a fire. This is not the only disadvantage of burning 
solid coal. An equal disadvantage is that a coal fire or furnace 
cannot be kept steady. The coal is stoked at intervals and the 
fire becomes alternately hotter and cooler. A gas fire or oil fire 
will stay steady for days together. 

A very successful attempt to overcome these difficulties has 
been made by the expedient of grinding the coal to an extremely 
fine powder and blowing it through pipes to the place where it 
is needed. The first and obvious advantage is the ease in handling 
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atoms are combined in rather complicated meshworks about 
which we do not yet know a great deal. When the coal is made 
red hot, its atoms are speeded up tremendously: in the retort 
the complicated meshworks of atoms are broken to small pieces. 
Some of these pieces, chiefly networks of carbon atoms, remain 
as coke; but the smaller pieces or molecules fly off as gas. Among 
these (Fig. 137) are the simple molecules of hydrogen, methane, 
ethylene, carbon monoxide, carbon dioxide, ammonia, sulphuretted 
hydrogen, and the more complicated molecules of benzene, car- 
bolic acid and naphthalene, and a hundred or so other substances. 

Roughly speaking, half the gas is hydrogen, a third is methane 
and a tenth is carbon monoxide; of the rest i % may be ammonia, 
2% hydrogen sulphide, and 4% other substances. If we let 
some of the gas escape as it comes out of the retort, it looks 
quite unlike coal gas. It appears to the eye just like the thick 
smoke which rises when a shovelful of small coal is thrown on 
a hot fire. The smokiness is due to droplets of water and tar. 
As soon as the gas cools, most of the tar and steam condense, 
and by passing the gas through water-cooled iron tubes (Fig. 158, 
condensers), it is cooled down enough for nearly all the tar and 
water to condense out. The tar is most valuable. By distilling it, 
motor-spirit and the raw materials for nearly all our drugs and 
dyes, disinfectants, explosives, plastics, scents, etc., etc., can be 
made. More is said in Chapter XXIII about this. The gas is now 
fairly clear, but it still contains ammonia which is too valuable to 
lose and hydrogen sulphide, which would make the fumes from a 
gas flame poisonous and corrosive. So the gas is pumped through 
washers and scrubbers containing water which dissolves the 
ammonia but not the other gases. The water is used over and 
over again until it contains about a fiftieth of its weight of 
ammonia. It is then run off and turned into sulphate of ammonia, 
one of the most valuable of fertilisers (p. 649). The gas next 
passes through purifiers, trays of powdered iron-ore. This is a 
compound of iron and oxygen. When a molecule of 
this meets a sulphuretted hydrogen molecule, the iron captures 
the sulphur and gives its oxygen to the hydrogen. 
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One molecule iron oxide^ 


One molecule of iron 

and three of sulphuretted 

change to 

sulphide and three of 

hydrogen 


water. 

The chemist symbolises the picture 

we have drawn as an 


equation 

3H2S * 4 “ ~ 3H2O 4 ” Fe2S3 

When all the iron oxide has been turned into iron sulphide, it 
is thrown out in heaps in open sheds. Here, the air changes it 
back to iron oxide again and sulphur. 



Iron sulphide Iron oxide Sulphur 

and oxygen 


Thus, the iron oxide can be used again and again and finally, 
when there is more sulphur than iron oxide in it, it ends a profit- 
able life by being turned into sulphuric acidi 

The gas is now ready for use and passes into the huge gaso- 
meters where it is stored over water, or in the newest gasometers 
under a huge ‘‘piston,” and thence it is driven at a steady pressure 
to the town. 

Very large gas-works purify their gas more elaborately. It 

* Oxygen atoms arc represented with line shading: iron atoms are marked Fe: 
sulphur atoms S: the very small spheres are hydrogen atoms. 
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pays to do this, because all the impurities taken out are useful 
for some other purpose. 

Our ton of coal has now been split up into four cmcf 
products: 

230 lbs. of gas.^ 

1 12 lbs. of tar. 

20-40 lbs. of ammonia as ammonium sulphate. 

1550 lbs. of coke. 

The gas is used for domestic purposes, heating, cooking and 
lighting chiefly. It is rather expensive for large-scale heating 
or driving machinery, but for domestic work and for small 
heating jobs about factories it is invaluable. 

The tar, when distilled, gives us benzol for motor-spirit, 
disinfectants, naphthalene and anthracene (invaluable for making 
dyes) and finally leaves behind pitch, which, when melted, is 
sprayed on our tar-mac roads. 

By making coal-gas at as low a temperature as possible, less 
gas and more tar is obtained. It has been found possible to turn 
this tar into valuable motor spirit by hydrogenating it. The tar 
is mixed with some molybdenum sulphide, which helps on the 
reaction but is not used up, and hydrogen gas is pumped into it. 

The product is a very good yield of motor spirit. This process, 
if developed, can make Great Britain independent of the over- 
seas oil-wells from which her petrol is now taken. 


PRODUCER GAS 

In making ordinary coal gas, the coal is split up into gas, 
liquid by-products and coke. It is a common practice to turn 
the coke into gas also. This can be done by making it combine 
with the oxygen of the air or with steam. 

The "‘producer"’ is a simple arrangement for turning coke 
into gas. It depends on the fact that coke — which is carbon — 
burns in the oxygen of the air and gives the gas carbon dioxide. 

^Tluse figures vary according to the quality of the coal. 
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This gas will not burn, but 
when it passes through red-hot 
coke it changes to carbon mon- 
oxide, a gas which will burnl 
To turn coke into gas, all that 
is needed is to let air pass up 
through a thick layer of red-hot 
coke. You can see this happening 
in a night-watchman’s brazier 


Fig. 139. — How carbon monoxide is 
formed in a coke fire. Oxygen 
molecules (i) enter and combine 
with carbon atoms (2) making car- 
bon dioxide (3), which with more 
carbon (4) makes carbon monoxide 
(5t 5 ). which meeting with more 
oxygen (6) bums to carbon 
dioxide (7). 

and carbon monoxide and i 
mixture, of course. 


or a red glowing coal fire. The 
air passes in at the bottom, and at 
the top, burn pale-blue flickering 
flames of carbon monoxide. 

The ‘^producer” is simply a 
large stove. Air (oxygen and 
nitrogen) enters at the bottom 
rogen leave at the top. This 

MONO PRODUCER 


cannot burn — as it 
does in the bucket of 
coke — because there 
is no air above the 
coke in the producer. 
Producers are often 
used to fire furnaces. 
The gas-works in 
Figure 138 is fired by 
a producer. Air enters 
below, passes through 
the layer of glowing 
coke and leaves it as 
producer gas — carbon 
monoxide and nitro- 
gen, This meets a 
supply of air in the 
upper part of the 



Fig. 140. — The Mond producer. Air is blown through 
a mass of glowing coke. The issuing gas is a mixture 
of inflammable carbon monoxide and inert nitrogen. 
Note the arrangements for adding fuel and with- 
drawing ash wimout admitting air. 
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furnace and burns, so heating the retorts. 

Producers are often used to drive large gas-engines, and during 
the war of 193 9-1945 motor-buses were frequently run on gas 
generated in a small producer-tower, on a trailer behind the 
vehicle. This producer was fed with charcoal and the producer 
gas burned in the engine. The expedient was not very successful, 
for an engine designed for use with petrol has cylinders too small 
to give adequate power with producer gas. 

WATER GAS 

Another way of turning coke into gas is to make it white-hot 
and blow steam over it. Each steam molecule combines with a 
carbon atom and makes a molecule cadh of carbon monoxide 
and hydrogen, both inflammable gases. If we represent a carbon 
atom by a black ball, an oxygen atom by a grey ball and a hydrogen 
atom by a small white ball we can express what happens as: 


— * #0 + « 

Fig. 14 1. — Carbon and water — ► carbon monoxide and hydrogen. 

Unfortunately, the coke cools down in a few minutes and has 
to be heated up again by an air-blast. 

The water-gas from the steam and coke has excellent heating- 
power. Unfortunately it is odourless and very poisonous, so 
that if it is supplied to houses escapes may occur and poison the 
unfortunate inmates, who are not warned by the smell. Attempts 
to scent the gas have not proved successful and in England, at 
least, it is chiefly used for mixing with coal-gas, which has a 
powerful smell of its own. 

HOW WE MAKE HEAT 

The energy in coal, oil or gas is chemical energy. When they 
burn — that is to say, combine with oxygen — this energy appears 
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as heat. For many purposes, it is as heat we want the energy, 
but for many others we want it as work. 

First of all, let us think about heating. There is no difficulty 
about getting a full measure of heat from coal, oil or gas: you 
have merely to set them alight and supply them with plenty of 
air. The problem is rather to get the heat where it is wanted and 
at the right temperature. 

First of all, suppose we are heating an ordinary room. We can 
do it by a coal fire, a coke stove, hot- water pipes, a gas fire, an 
electric fire (and one or two less important ways). 

Everyone likes the coal fire best, though everything is to be 
said against it. Though it is not very expensive, it is very wasteful 
of heat. Only about one-fifth of the heat of a bright coal fire 
enters the room and the rest goes up the chimney. A dull fire 
is far less efficient even than this. All the valuable ammonia, 
motor-spirit and other by-products of the coal are wasted. A 
horrid smoke ascends to the sky and befouls our lungs and makes 
London fogs. Coal, too, is dirty and bulky to store and heavy 
to carry. But unquestionably we like the coal fire best. It looks 
beautiful — a thing that matters a great deal in one's house. It 
sends its heat into the room as radiation, which means that the 
body is warmed where the heat rays fall on it, while the trans- 
parent air stays fairly cool. But there is little doubt that if the 
coal fire were forbidden and factories which (quite unnecessarily) 
emit clouds of black smoke were heavily fined, in a few years we 
should be rejoicing in the change. London would have ihe clean 
bright sunshine of the country. Its buildings would be white where 
now they are black; its stonework would no longer corrode away. 

No factory could afford to burn coal in the uneconomical way 
that an open grate does. The engineer realises that when he buys a 
ton of coal, he is buying, say, 34,000,000 British Thermal Units 
of heat, enough to heat a hundred tons of water from 60® F. 
to boiling point, and that heat he means to have as far as it 
is possible. He does not intend to let valuable combustible gases 
and carbon go up the chimney as smoke, and so he supplies 
enough air to burn the coal completely to carbon dioxide and 
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steam. Even the waste gases — ^nitrogen, carbon dioxide and 
steam — which have to escape up the chimney, have every 
available calorie of heat extracted from them. 

Let us look for a moment at the boilers of the modern steam 
turbine such as runs an electrical generating station. In the first 
place the biggest possible area of boiler is exposed to the flame, so 
that by the time the gases leave the boiler they have given as 
much heat as possible to the water. This is accomplished by the 
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use of a water-tube boiler in which almost all the water is in com- 
paratively narrow tubes which present a huge surface the hot gases. 

The gases then pass through a feed-water heater (fuel 
economizer) where they give up still more heat and so warm up 
the water that is going to be supplied to the boilers. Finally they 
flow over tubes through which the air supply to the grates is 
passing, so giving up more heat still. 

In order to burn the coal effectively, it is not advisable to stoke 
the fire by throwing coal on top of it. The best way is to supply 
coal to the underneath of the fire, where the smoke and gas 
have every chance to burn before they get to the top. An enor- 
mous amount of air is wanted to burn the coal. A ton of coal 
requires about ii tons of air to burn it, and ii tons of air are 
about 12,500 cubic yards. Moreover, if the air is supplied under 
the coal, it turns it into carbon monoxide as in the “producer”; 
this means that the coal is combining with only half its possible 
oxygen and giving out only about one-third of its possible heat. 
So all good furnaces supply “secondary air” above the coal in 
order to burn the carbon monoxide to carbon dioxide. In the 
plant illustrated, an automatic stoker is used. The coal is dragged 
into the furnace on a sort of “chain-mail” grating which runs at 
such a speed that all is rapidly burned and the ash is discharged by 
the same moving grating. Air is blown through the grating by 
fans. In this way the coal and air supply are proportioned to give 
perfect combustion. The issuing gases are often purified from 
dust and sulphur dioxide, so rendering them entirely innocuous 
to the health of the surrounding district. 

By taking all these precautions, it is possible to make up to 
80 % of the heat produced by the burning coal enter the boiler, 

HEATING BY GAS AND ELECTRICmr 

Gas heating varies a great deal in efficiency. The hotter the 
fireclay in a gas fire can be made, the more heat k thrown into 
the room and the less goes up the chimney. The gas fire is, on 
the whole, a good deal more efficient than the coal fire and wastes 
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less than half its heat up the chimney. 

The most efficient way of using gas is in a flueless heater. This 
sends all its heat into the room, but of course has the disadvantage 
of using up the air and causing no ventilation. 

The electric fires requires no chimney, for it produces no fumes 
and needs no air, and so all the heat it gives is used to warm the 
room. But the electricity was made from coal and the best 
generating plant can only turn about 27% of the heat of the coal 
it bums into electricity. Some of this is lost in distributing it, 
so that the electric fire is really giving you only part of the heat 
of a coal fire at the generating station. 

CENTRAL HEATING 

Hot water or steam gives the most efficient way of warming 
rooms. All the warmth goes into the air of the rooms and an 
efficient type of boiler uses some half of the heat of the coke it 
burns in heating the hot water, and all this heat goes to heat 
the room. The disadvantage of the system is that it does not 
ventilate — coal or gas fires carry a stream of air through the room 
to the chimney — and it does not radiate much. It is much pleasanter 
to have the skin warmed by radiant heat and surrounded by cool 
moving air than to have it warmed by still hot air. None the less, 
the cheapness and convenience and safety of hot-water heating 
make almost every big building use it. The cost of the different 
methods of heating a room work out roughly as follows. Taking 
coal and coke at £z a ton, anthracite at 90s. a ton, gas at 8 Jd. 
a therm and electricity at id. a unit, the costs are estimated.^ 


Central heating 

12 

Coke stove 

12 

Open coal fire 

21 

Anthracite stove 

22 

Flueless gas-heater 

51 

Gas fire 

50 

Electricity 

100 


1 Adapted ftotn Housi Heating, by Margaret Fishenden: Witherby, 1925. The 
present prices (1949) must be regarded as abnormal, so no attempt has been made to 
adjust t^ Bgaia, 
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HEAT AND WORK 

A problem which has only been solved in the last 150 years 
is a method of turning heat into work. The answers to it are 
the steam engine and the internal combustion engine. From 
these two almost all our power is drawn and on them our whole 
civilisation rests. Suppose, by some miracle, our steam engines, 
our gas engines and oil engines were all destroyed. At once 
electricity would fail, for it is nearly all made by driving dynamos 
with steam (or rarely oil) engines. Gas could perhaps be made 
for a few days for our heating, but only in the smallest works 
could the coal, etc., be handled by men and horses. Meanwhile, 
the trams have stopped, the ships have stopped, the cars have 
stopped. The towns in a few days are short of food: a few days 
more and the town population is freezing and starving. Ten 
years later the population would be back at the six million or so 
who lived in England in the eighteenth century, farming and 
carrying on the ancient crafts by hand. Civilisation does not 
depend on the engine, for in the seventeenth century Europe 
was civilised; but the keeping of forty-five million people in 
reasonable comfort in this little island is only made possible 
thereby. Let us, then, look at the steam engine as the prime 
reason for modern industrial civilisation and look on its chief 
inventor, James Watt, as the man who, in the whole of history, 
has had the greatest influence on the world. 

By burning coal (or oil) we get heat. By this we mean that 
coal and air molecules moving quietly at the ordinary temperature 
combine, so forming molecules of carbon dioxide at some 
1500® C. These molecules are moving several times as fast as 
those of carbon dioxide at ordinary temperatures and so have 
far more energy. 

Coal and air combine or *‘burn,” and hot gas^ a medley of 
violently moving molecules, is obtained. We want to turn that 
violent haphazard jostling of molecules into an orderly circular 
motion of a wheel I 
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The steam engine’s answer to the problem is this. Make the 
molecules of the hot gas jostle against and so speed up the mole- 
cules of a boiler and let these again speed up the molecules of 
water in the boiler. If the water-molecules are speeded up enough, 
their attraction will no longer hold them together and they will 
fly off as the gas, steam. Make a movable partition (a piston) against 
which the steam molecules can knock. When they have pushed 
it one way, bring the steam to the other side of the partition and 
let the molecules push it back again. 

Connect to the partition some device for turning back-and- 
forth motion into circular motion and the job is done. 

If you do not like that solution of the problem, let the steam 
molecules jostle against one side of a set of vanes stuck in a 
wheel and not against the other. In this way, they will push the 
wheel round. This is the principle of the turbine. 

Now it took a great many years to learn to make an engine 
which would work efficiently — that is to say, which would turn 
a reasonable proportion of the motion of the steam molecules 
into motion of the piston. It can be proved theoretically that 
a steam engine can turn only a certain proportion of the heat 
given to it into power and the very best steam engine yet made 
cannot turn a quarter of the coal’s heat into work. It seems very 
prodigal to let three-quarters of our good heat go to waste; 
but if you do not like it, your only remedy is to use an oil-engine 
which wastes only three-fifths of its heat. And as oil, in England, 
is more expensive than coal, you may be worse off than ever. 


THE STEAM ENGINE 

The steam engine first of all requires a boiler in which the 
steam is generated. An elaborate boiler is shown in Fig. 142. 
For smaller installations a Lancashire boiler (Fig. 143) is a 
favourite type, though many other designs are in use. The 
Lancashire boiler has its fire in a cylindrical space surrounded 
by the water. The fuel burns on the grate and the flame and 
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hot gas travel down the centre and then underneath the boiler 
and away through the flue to the chimney stack which provides 
the draught. This arrangement gives plenty of time for the fire- 
gases to hand over their heat to the water. The water in the 
boiler boils at a temperature which depends on the pressure. 
If the boiler delivers steam at 6o lbs. pressure, the boiling point 
will be 145° C. The boiler has safety-valves which open when 
the pressure goes above some fixed value. They are in principle 
like the valve described on page iii. The tendency is to build 
boilers to operate at ever higher pressures: one has been used 
which actually turns water straight into the same volume of 
steam without any boiling (p. 121) at 574® C. and 3158 lbs. per 
square inch. Higher pressures, we shall see, mean greater 
efficiency. 

Look at it this way. You put energy into the steam engine 
as heat. The higher the pressure of the steam, the hotter it is: 
consequently, the higher the pressure, the more energy goes 
into the engine per pound of steam. Now the steam comes out 
of the engine as a pufif of steam at, say, 100® C. (as in a locomotive) 
or as water, if the engine has a condenser. Now, when the steam 
comes out of the engine, it carries with it heat which has not been 
turned into work: again, when it condenses, it gives up heat to 
the condenser water and this heat cannot be turned into 
work. 

Suppose, then, that a certain amount of steam when it leaves 
the engine takes with it 1000 calories of heat. Now, if we put 
this steam into the engine with energy equal to 1500 calories, 
we shall get 500 calories back as work and waste 1000. But if 
we put the steam into the engine with 2000 calories of energy 
in it, we shall get 1000 back as work and waste 1000. So, in the 
first case we should waste two-thirds of our fire’s energy; in 
the second case only one-half. So clearly the greater the energy 
of the steam when it enters the engine and the less its energy 
when it comes out, the more efficient our engine will be. Any 
heat that escapes from the engine as heat will lower its efficiency. 
So the tendency of steam-engine makers is first to use high 
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temperature and high pressure steam; secondly, to expand the 
steam to the lowest possible pressures before it escapes or con- 
denses; thirdly, to protect the outside of the engine from cold 
air. 

The steam, once generated, passes through a large valve by 
which it can be controlled and goes either straight to the engine 
or the superheater, which is a set of tubes heated by the furnace 
gases. This makes it hotter and so prevents condensation to 
water in the pipes; it also adds something to its energy. The 
steam now comes to the engine (Fig. 145), to which a valve 
admits it. To understand the engine, look at Figs. 144, 145. 



Fig. 144. — Course of steam in reciprocating engine. 


The shaft which carries the wheel has an eccentric (p. i88) on it, 
which has the effect of moving the piston-valve (P) up and down 
as the shaft turns. When this valve is at the bottom of its stroke, 
the compressed steam (dark shading) enters belov the piston and 
forces it up. The expanded waste steam (light shading) from 
the previous stroke is pushed out through the piston v^ve to 
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Fig, 145. — Illustrating the way in which the position of the valve is con- 
trollea by the position of the piston. The right band figure shows the 
position one quarter revolution or half-stroke kter than the left-hand 
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the exhaust pipe. When the piston reaches the top, the piston 
valve is moved up by the eccentric. Live steam now enters above 
the piston and forces it down while the expanded steam from 
the last stroke escapes. 

Now it would be wasteful to let steam escape which has not 
fully or fairly fully expanded; and it would appear that we are 
doing this; actually, however, the piston valve cuts off the supply 
of compressed steam to the cylinders when the piston has moved 
only a quarter or less of the way up or down the cylinder and 
the compressed steam already in the cylinder drives it the rest of 
the way by expanding. The steam is even then not fully expanded, 
accordingly it may enter (as in the engine shown in Fig. 143) 
a second and much larger low pressure cylinder, where it expands 
still more; in large marine engines it commonly goes to a 
third one. If the final cylinder was open to the air, the steam 
could only expand till its pressure was the same as that of the air, 
15 lbs. per square inch; but, in efficient engines, the steam 
exhausts into a condenser which is a space containing no air and 
kept cold by water cooling. The steam here condenses back to 
water. The pressure in this condenser is very small indeed, 
perhaps only J lb., and the steam can expand as much as the 
size of the cylinders will allow it to. 

We can see, then, how the steam gives an up and down move- 
ment to the piston rods. This is changed to a circular motion 
by the arrangement best seen in Fig. 145, and already discussed 
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Exhaust Double Flow Exhaust 

High-Pressure to Low Pressure to 

Cylinder Condenser Cylinder Condenser 

Fig. 146. — Mctrovick Steam Turbine (3,000 r.p.m., 30,000 kilowatts). 
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on page 189. The shaft always carries a heavy fl3rwhccl, for the 
piston is not exerting any turning force on the shaft at the extreme 
top and bottom of the stroke (Fig. 94), and the kinetic energy 
stored in the heavy flywheel carries it past these points. The 
“governor” deserves a note. A steam engine is norm^y required 
to turn at a steady speed whether loaded or not. Suppose you are 
driving a circular saw with it. The tendency would be, as soon as 
the log was sawn through, for the engine, having no resistance to 
oppose it, to speed up (compare page 165). The governor has 
two balls held by springs and these rotate with the shaft. As the 
shaft speeds up, centrifugal force throws them outward. This has 
the effect of closing the valve admitting steam to the cylinders, 
thus slowing the shaft. If the shaft slows down, the opposite 
effect occurs. A governor of a similar type is used to regulate 
the speed of gramophone motors; one of these is shown in 
Fig. 252. 

The turbine is very efficient for large units and high speeds. 
What we worked out about efficiency is true for it also. The 
steam must enter it at very high temperatures and pressures and 
expand to the lowest temperatures and pressures if the heat 
supplied to the boiler is to do the greatest possible amount of 
work. 

A steam turbine (Fig. 146) has a long rotating portion (rotor) 
which is set with small blades set diagonally to the direction of 
rotation rather like the blades of a propeller, only far more 
numerous. This rotor turns in a casing (stator) also set with 
blades more or less at right angles to those on the’^rotor. Fig. 147 
shows the blades as they would be seen if the casing were trans- 
parent. The steam enters at the narrow end of the turbine. The 
first set of blades on the casing turn it so that the steam hits the 
moving blades and thrusts them on: as the steam leaves them it 
gives them a sort of backward kick like the recoil of a gun when 
fired. This nas the chief effect in moving the rotor. The next 
set of fixed blades catch the steam and again direct it on to the 
next set of moving blades. This continues all the way as the 
steam progresses (to the right) along the space between the 
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burn is set burning in the cylinder. The heat generated expands 
the air and burnt gases and these thrust down the piston. The 
internal combustion engine is very eiScient because the energy 
of the burning gas at the beginning of the stroke is so much 
higher than that of the exhaust gases. Moreover, all the energy 
is generated in the cylinder and there are no such losses as occur 
in the steam engine when the heat has to be transferred from fur- 
nace to boiler. In Fig. 148 (I) the piston is being dragged down 
by the crankshaft (C) puUing on the connecting rod (R). The 
cam (p. 188) has lifted the inlet valve (I) and the cylinder fills 
with the “charge” of air and petrol vapour produced in the 
carburettor. By the time the piston reaches the bottom of its 
stroke, the cam has moved on and the inlet valve closes. The shaft 
now carries the piston to the top of its stroke (Fig. 148, II) and 
so compresses the petrol vapour and air to, say, a sixth of its 
bulk. The contact-breaker (geared to the shaft) now causes a 
spark to pass between the points of the sparking-plug. The charge 
explodes and drives the piston down (Fig. 148, III) — on this 
stroke only is there any work done by the engine. As the piston 
rises again (Fig. 148, IV) the left-hand cam opens the exhaust 
valve and the burnt gases are expelled through the exhaust pipe. 
This, the Otto, or 4-stroke cycle, is used in nearly all petrol 
engines, gas engines and Diesel engines. The difference between 

these several types is chiefly in 
the fuel they burn and the way 
they ignite it. 

Since the engine drives the 
shaft only on one stroke out of 
four, the obvious thing is to 
have four cylinders (Fig. 149) 
with the sparks and valves so 
timed that one is always at the 
driving stroke while the other 
three are respectively taking in 
charge, compressing it and ex- 
hausting burnt gases. Hardly 



Fig. 149. — Section of foui-cylindcr 
intetxud cembuttioo engine. 
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Cathode vXnode 

electrical discharges in an evacuated tube. IVessures are between i mm. and 
0.1 mm. of mercury and decrease from the top pictuie downward. A 'narrow 
negative dark space. B faint nej^ative ghiw. O dark space. P- -positive 
column. (By courtesy of Messrs. The Williams and NX ilkins Company, Baltimore, 
U.S.A., from Darrow’s hhlrical Phenomena m (uia'w) 
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A lightning flash. (By courtesy of ]. F. 
Yocum, F.sq., California, and the 
Meteorological OflRce, London.) 
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any have fewer than four cylinders — six or eight give a still 
smoother drive. 

The part described is the essential part of the petrol engine. 
To it must be added, first, gearing from the crankshaft to the 
small shafts which turn the cams and to the mechanism which 
makes the contact which delivers the current to the sparking 
plug; secondly, an efficient oiling system, for the internal com- 
bustion engine becomes very hot and so easily burns up and 
destroys its oil; thirdly, a cooling system by which water circu- 
lates round the walls of the cylinders; fourthly, some arrangement 



for regulating the proportion of air and comlfustible gas in the 
charge. The last process is performed by the carburettor. There 
are many varieties. Fig. 150 illustrates a simple pattern. 

The petrol from the tank enters the float-chamber F in which, 
by means of a needle- valve opened and shut by a float, a constant 
level of petrol is kept. There are two jets, a main jet M at such a 
level that petrol just does not overflow from it, and a com- 
pensating jet C fed by a fine orifice R which will only supply fuel 
at a constant and slow rate. The suction of the engine lowers the 
pressure in the carburetter and consequently petrol is drawn from 





^74 


The World of Science 



Fig. 152. — Section of marine Diesel Engine. 
(Courtesy of Messrs. W. H. Allen, Sons and Co., 
Ltd., Bedford.) 


engine adapted for 
driving a small motor- 
coaster. On the left 
hand side is a vari- 
able gear to reduce 
the speed to that 
most suitable for the 
propeller. Two gear 
wheels on the main- 
shaft mesh with two 
gear wheel cogs on 
the propeller shaft; 
thus giving two 
different gear-ratios. 
These gear wheels 


turn idly on central plates which are part of the shaft, until oil is 
pumped in between either set of these plates, which then grip 
the gear wheels and take up the drive. In the figure, the left- 
hand one (high gear) is driven and the right-hand one is idle. 

Plate XII shows a section of an engine suitable for driving a 
lorry or a bus. It differs slightly from the other in that the charge 
is compressed into a bulb where it is fired. The section only allows 
one valve (the exhaust) to be seen; note the cam and push-rod on 
the left. These engines are made in units of 130 h.p. and are 
suitable for bus or lorry work. 

The Diesel engine is perhaps the middle-powered engine of the 
future. It may not surpass the steam turbine for very large 
installations nor the petrol engine for the low-powered units — 
but for units designed to provide 100-1000 or more h.p. it seems 
to have advantages over every other form. 


GAS-TURBINES, JET-ENGINES AND ROCKET-MOTORS 

For many years efforts have been made to combine the 
advantages of the internal combustion engine, lightness and 
efficiency, with those of the turbine, namely smoothness and 
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small number of moving parts. The gas-turbine has now become 
the engine of choice for aeroplanes. It consists of a turbine (F), 
which drives another (B) so arranged as to force air into a com- 
bustion chamber. Fuel is injected into this chamber and burns in 
the air. The hot, greatly expanded gases pass out through the 



driving turbine (G) and set it rotating in the same manner as a 
steam turbine. The engine requires to work at a very high speed 
and gets very hot; thus it requires to be made of special steel of 
great strength and heat resistance. Fig. 152^7 represents a type 
of gas-turbine experimentally used for driving automobiles. 

The jet-engine is in principle simply a rocket which is con- 
tinually supplied with fuel and air (p. 561E, Fig. 210^). It has the 
advantage that it is motor and drive all in one and that it needs 
nothing to push against in order to move. But it is only efficient 
when travelling at very high speeds, and at present seems to be 
unlikely to be used for any but stratosphere or high-speed 
fighter planes. 

The jet-engine requires air to burn the fuel and so cannot be 
used where there is little or no air, e.g., at very high altitudes. 
The rocket-motor carries its own oxidising agent and so could be 
used to travel through outer space. A typical rocket-motor 
(Fig. 152^?) consists of a combustion chamber into which fuel 
(e.g., methyl alcohol) and an oxidising agent (e.g., liquid oxygen) 
are forcibly injected and electrically ignited. These produce an 
enormous volume of very hot carbon dioxide and steam which 
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leave via the throat and no 25 de, which are so designed as to make 
the gases leave at the hightest possible speed and exert an enor- 
mous thrust on the back of the combustion chamber. The 
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Fic. i^ib Diagtam illustfating the principle of the rocket-motox. 


principal difficulty in designing rocket-motors is to make a com- 
bustion chamber that will stand the high temperatures of the 
burning gases. These high temperatures are essential in order 
that there may be a maximum expansion and therefore a maximum 
velocity of the exhaust-gases. (See Rockets, p. 670.) 

ELECTRIC K)WER 

The other really important source of power is the electric 
motor. There is no practicable large-scale method of making 
electricityexceptbythe dynamo, and the dynamo must be turned by 
engines driven by water, oil, coal or their products. But electricity 
gives the supreme method of distributing power, so that about 
the most important use of the steam turbine or water turbine is to 
make electricity by means of which the whole power supply of a 
town can be sent along a wire thinner than your little finger. 

It is essential then to understand something about electricity 
and to take a long digression while we discover something about 
what it is and how it behaves. 




CHAPTER X 


Electric Currents 

WHAT IS ELECTRICITY? 

T he Statement is often made that nobody knows what 
electricity is. Well, no one knows what anything isl Of 
matter, we know that it is made of atoms, which are collections 
of minute particles— electrons, protons and neutrons— bound in 
certain patterns. As we have already stated, the atom has a small 
central nucleus containing the heavier positive protons and 
neutrons^: its outer portion consists of electrons, jitter, then, 
consists of electrons, protons and neutrons bound into atoms. 
Electricity, we know, consists of electrons — and sometimes 
protons— /w to move. What an electron or proton is, we do not 
know. After all, the only way we can explain what a thing ts, 
is to say: “It is made of so-and-so, has such-and-such a shape ana 
is moving in a particular way.” The questioner can always ask 
what “so-and-so” is, and will finally get back to a question that 
cannot be answered. Science does not aim at an ultimate and 
complete explanation of anything, but knows it must be content 
to explain everything in terms of one or a very few entities such 
as “energy,” “space,” “time,” etc. We know a few things about 
electrons: we can tell roughly what size they are, what they 
weigh, how strongly they attract each other, but wr cannot tell 
what an electron is made of. 

The likeliest view is that an electron is a portion of energy: 
we cannot really picture this, but anything we can picture about 
the electron seems to be untrue. Think of it then, for the present, 
iSee pages 528/. 
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as a tiny particle of energy, as much smaller than an atom as a 
grain of salt is smaller than a house. 

The electricity which moves along wires and snaps through 
air as sparks is simply a crowd of these electrons. These electrons, 
we say, have a negative charge-, simply a short way of saying 
they have the power of repelling each other and of attracting 
another kind of particle (the proton), which is said to have a 
positive charge. The words negative and positive are quite 
misleading and when we apply them to electricity it is as well to 
forget all other ideas we attach to these words in common life. 
The positive particles — except in most exceptional circumstances 
— remain a part of an atom of matter in the central nuclei of the 
atoms. As it is very difficult to remove all the (negative) electrons 
from any atom (except that of hydrogen), it is very difficult to 
get positive particles — ^protons — by themselves. 

The negative charge of an electron is equal to the positive 
charge of a proton and an atom of matter has just as many 
negative electrons as positive protons: consequently an atom, 
taken as a whole, has no charge at all. If an atom picks up and 
holds some more electrons it becomes negatively charged: if it 
has a few of its electrons knocked 


off, it becomes positively charged, 
for it has then fewer negative elec- 
trons than positive ones. These 
charged atoms are called ions^ a 
term we shall have to use fairly 
often. Fig. 1 5 3 shows how an atom 
of copper could be ionised in this 
way. 

A piece of metal or anything that 
conducts electricity has in it some 
electrons which are only loosely 
bound to atoms or not bound to 
them at all. If the piece of metal is 
negatively charged, it has more 
electrons than its own atoms pro- 
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Frn. 155. — A copper atom (left) is 
electrically neutral, having 29 
positive charges and 29 negative 
charges. It can be broken up in 
various ways into two electrons, 
each with a single negative 
charge, and a copper ion (right). 
This is pc^itively charged for it 
has 29 positive charges and only 
27 negative charges. 
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vide. If it is positively charged, it has fewer elearons than 
this. 

Electricity then, as ordinarily met with, is a crowd of electrons, 
minute particles capable of movement and repelling each other 
vigorously. From this notion it is easy to sec what is meant by 
the quantity of electricity and the potential of electricity. The 
quantity of electricity is simply the number of free electrons — this 
is what we measure in ‘‘coulombs” or in ampere-hours. The 
potential of electricity (which we measure in volts) is its tendency 
to flow. The electrons repel each other; the nearer they arc to 
each other the more powerfully they repel each other and the 
more force they will exert in Aeir effort to get away. So the 
quantity of electricity is the number of electrons; the potential of 
electricity measures the tendency of the electrons to get away 
from each other. 


THE MAKING OF ELECTRICITT 

If we want to get electricity — electrons — we have to get it 
from an atom, because almost all the electrons in the world are in 
atoms. There arc several ways of doing this. The first is by 
friction, mechanically knocking a few electrons off by rubbing. 
This simple method gives very little electricity, i.e., very few 
electrons, but these may be very crowded into a very small space 
and so may be at a high potential (thousands or tens of thousands 
of volts), and exert quite large forces. 

The second is a chemical way: pcrsxiading atoms to send 
electrons along a wire to ions which need them more. This is 
the method of an electric battery. It is convenient but expensive. 
It yields electricity at a low potential (1-3 volts). 

The third method is to set the free electrons in a metal wire 
moving to one end and may from the other by attracting them with 
a magnet. This is what is done in the dynamo. 

Dynamos may be designed to give electrons at almost any 
potential, but jo~j,ooo volts is usual 
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FRICTIONAL ELECTRICITY 

The frictional method of making electricity was the first to be 
discovered. It is ho longer important, but it is very simple to 
handle experimentally, and so gives the beginner an easy way of 
finding out a few 
things about electri- 
city. Take a stick of 
sealing- wax (or a vul- 
canite pen), a bit of 
fine thread — best silk 
— and a little bit of dry 
cork the size of a pea. 

Stick the cork to the 
thread, best by a tiny 
dot of sealing-wax, 
and hang the thread 
to something (the 
edge of a lamp shade 
or a shelf will do). 

Now rub the sealing- 
wax with a woollen 
material like a coat 
sleeve, bring it near 
the hanging piece of 
cork, but don’t touch 
it. Thecorkistf/Zr^^/^^/ 
hj the wax. Now, the 
reason of this is that 
the rubbing knocked off a few of the outer electrons of 
the atoms of the wool and the wax, and, on account 
of some peculiarity of these which we don’t know much 
about, the loose electrons stuck to the wax rather than the 
wool. The sealing-wax, then, was left with a few extra 
negative electrons. These clustered on the outside of the wax. 
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When the wax came near the cork these electrons attracted the 
positive nuclei of the carbon, hydrogen and oxygen atoms in the 
cork, and repelled the negative electrons so that the atoms in the 
cork instead of being like Fig. 1 54 became like Fig. 154^. The 
result was that the end of the cork nearest the wax became 
slightly positive and the other end slightly negative. The positive 
end of the atom is nearest to the negative wax and so is pulled to 
it more than the negative and more distant end is repelled. Now 
break off a little bit of sealing-wax and hang it up by a thread. 
Rub it briskly with a bit of dry woollen material: this will give it 
some extra negative electrons. Rub another stick of sealing-wax 
and bring it slowly near the hanging piece. It will be found that 
the two negatively charged pieces of wax repel each other. 

This very simple fact that like charges repel and unlike attract 
is the basis of almost the whole of electrical science. 

A simple use of this property is in detecting small electric 
charges. An instrument designed to do this is called an electro- 
scope. If two pieces of gold leaf (which is extremely tliin and, 
therefore, extremely light) are hung 
from a metal rod in a glass case, a 
very small electric charge brought 
near the top of the rod makes the 
gold leaf diverge. 

The reason is simple. Suppose the 
charge brought near the top is posi- 
tive. It will pull the loose electrons 
in the metal to the top of the rod. 
The gold leaves at the bottom will 
be left with fewer negative charges 
than positive ones, and so they will 
both have a positive charge and 
repel each other. A gold leaf 
electroscope is not very easy to 
make because the gold leaf is very 

FiG.i55.--Gold-l^electrosc^ tender and sticks to everything it 

(Courtesy of Mcssts. Griffin ^ ^ o 

«idTfttli:k). touches. 
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Fig. 156. — The electrophorus. A simple way of making 
electricity at a high potential. 


A simple gadget 
which gives elec- 
tricity at a high po- 
tential, and which 
anyone can make is 
an electrophorus 
(Fig. 156). It gives 
enough electricity 
for a slight spark 
and if it is used to 
charge a condenser 
quite respectable 
quantities can be 
obtained. Get a tin 


lid, best about six inches in diameter and melt some resin (sulphur 
or shellac does very well) and pour it in and let it set. Scrape the 
top flat with a knife or chisel, cut a disc of tin about half an inch 
smaller in diameter and stick on it a handle which won’t conduct 


electricity — a wax candle makes a good one. Rub the resin 
vigorously — best with a catskin or a warm dry flannel. This gives 
it a negative charge. Now put the tin cover on it (a). This repels 
the loose electrons in the cover to the top of the tin, leaves the 


bottom free of loose electrons, and therefore the bottom, having 
more positive protons than negative electrons, is positively 
charged. If you took the cover off now, you would get no 
electricity, for, once out of the reach of the atijaction of the resin, 
the electrons would just go back where tliey were before. 


But now suppose you touch the top of the tin plate with your 
finger (/?). The electrons in the metal, still repelled by the electrons 
of the resin, go chasing through your body down into the earth. 
Now remove your finger. The top plate has now fewer electrons 


than at the beginning, for some have gone into your finger. Lift 
it off by the non-conducting handle (c). It has a strong positive 
charge and you can do some amusing experiments with it. First, 
you can see it spark. It will give a quite perceptible spark with a 
faint prick and a tiny crackle when you hold your knuckle close to 
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charge leaks away only slowly unless it is high enough to make 
ions for itself. Suppose now we have a direct current dynamo 
pumping electrons into a wire connected to one of its terminals 
(the negative one) and out of the wire connected to its other 
terminal, and suppose the force it applies to the electrons is what 
we call a few hundred volts. Let us connect to the negative wire a 
point, and to the positive wire a plate. If we increase the voltage 
by running the dynamo faster and faster, we find that at first no 
current passes, then a small current accompanied by a peculiar light 
effect which we call a brush discharge (Plate XIV), and finally, 
when the voltage is high enough, the current leaps the gap as a 
spark. 



OJPos/i/i^e ion rushes to CZJ/t hits en otom of 
ne^et/ve powt end hreeks it into another 

positive ion end 9 pair of 
e/ectrons 



f^The ions e/reedy formed (4) end hreek these into ions 
take e/ectrons from the end e/ectrons fhe distof&^ 

neyet/ve point end become ence of the atoms hy the 
ecoms. The e/ectrons repe/~ co/hs/on makes them 
/ed away from the point hit ffiow 
a pern of yes atoms 


Pig. 159. — brush discharge. 
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There are always a few positive ions in the air — atoms from 
which an electron or two have been detached. These are drawn 
to the negative point with a high velocity (Fig. 159) (i) and break 
up other atoms as they near it (2), These atoms break into one or 
two electrons and a positive remainder. The positive remainders 
travel to the point and take from it electrons, so becoming atoms 
once more (5). The electrons, detached from the atoms in the 
collision are repelled from the point with high velocities (3) and 
finally reach a speed at which they can break up more molecules 
(4) into electrons and positive remainders. These glow, for 
reasons which will appear later (p.43 3 and travel to the negative 
point; the liberated electrons are thus attracted to the positive 
plate and return to the dynamo. The current passes slowly with 
the accompaniment of a bright spark-like light at the point — 
where the atoms are being broken into ions and electrons (Fig. 139) 
(2), then a dark space where the electrons and ions are being 
speeded up by the attraction or repulsion of the charge on the 
point, then a blue luminous area where the electrons, having 
reached a high speed, break up fresh atoms to electrons and 
positive ions (4), giving out light in the process. Beyond this again 
is a dark space through which the electrons journey to the plate. 
These areas are visible in the vacuum discharges (Plate XIII). 

An electric charge always concentrates itself at a sharp point, so 
it is from a point that a brush discharge is likely to take place. 
Plate XIV shows an electric spark at a potential of a million volts. 
Every roughness on the ball gives out a **brush discharge”; the 
very high potential makes the electrons travel far and so gives a 
large ‘‘brush” of light, caused by the electrons in the atoms, 
disturbed by the flying electrons, jumping back to their ordinary 
positions. 

These “brush discharges” are a real difficulty with high tension 
electricity. If one wants to transfer enough electricity to do a 
certain amount of work from one place to another, one can move 
a lot of electrons at a low potent!^, or a few at a high potential: 
just as you can do the same work by a gentle blow with a big 
hammer or a powerful blow with a littie one. The large quantities 
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of low-potential electrons need a big cable if they are to pass 
freely and easily: the few high-potential ones need only a small 
cable: consequently, it is economical to send electricity at high 
potential. At very high potentials, trouble begins with brush 
discharges: everything must be rounded and smooth to avoid 
them. For very high voltages, near a million, tubes are used 
rather than wires, because the wires themselves are sharply 
curved enough to cause a brush discharge. Moreover, alternating 
current flows only on the outside ‘‘skin’’ of the wire and tubes 
are therefore more economical. 

The lightning conductor is pointed so that the electric charge 
of the cloud may more easily flow to it. That rare and eerie 
phenomenon, St. Elmo’s fire, is a brush discharge from a cloud on 
to the mast of a ship. It is seen as a pale streamer of light topping 
the mast, and was naturally regarded with awe and horror — 
particularly as it occurred only in stormy weather. 

When the voltage is high enough, or the distance between the 
positive and negative poles small enough, a spark or arc may pass. 
The spark and the arc both proceed by turning the atoms of a 
gas into charged ions, the flow of which carries the current. 

A brush discharge occurs easily only from a point: if we have 
two charged plates or large knobs (particularly if close together) 
a spark appears. Suppose we have two metal knobs, say half an 
inch apart and connected to some source of electricity — say, a 
dynamo. We increase the speed of the dynamo steadily and thus 
increase the voltage, i.e., the overcrowding of electrons on the 
negative knob and the depletion of electrons from the positive one. 
Almost nothing happens till a certain voltage is reached, when 
there is a flash, a crackling noise, and electricity passes. The 
greater the distance the knobs are apart, the higher the voltage 
required. Roughly speaking, a charge of 2,500 volts will jump half 
a millimetre and tliirty thousand volts will jump a centimetre. The 
132,000 volts carried by the main grid lines, would jump a gap of 
over two inches. Plate XIV shows the discharge at a potential 
of a million volts. 

The spark is a single discharge of electricity and lasts a very 
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short time indeed. A photograph of a flying bullet taken by the 
light of an electric spark (Plate VI) appears absolutely sharp, 
showing that the spark lasts only about a millionth of a second. 

The spark discharge seems to start like a brush discharge by a 
few positive ions from the air travelling to the negatively 
charged pole: these probably help to attract from the metal a few 
of the electrons of the current. These, once expelled from the 
metal, are repelled by their fellows and attracted by the positive 
pole, and move with such vigour that they each break up not one 
but many air atoms, giving many more electrons. These are 
violently accelerated by the attraction and repulsion of the poles 
and break up more atoms still. The whole effect then is a violent 
breaking up of atoms and shooting of negative electrons to the 
positive pole. The positive charge is thus made smaller, and the 
electrons are no longer pulled by it enough to make them break 
up the air atoms. So the spark stops. And all this happens in a 
millionth of a second? Yes, an electron moves so rapidly that a 
thousand electrons in succession could make the journey across the 
spark gap during the millionth of a second it lasts. The positive 
ions, the remainders of the air atoms from which the electrons 
were taken, are slow movers and are practically left standing during 
the flash. 

The very large spark shown in Plate XIV pales before the 
tremendous sparks produced by moving air and water in a 
thunderstorm. 

The tremendous sparks of lightning witness the huge potentials 
reached in the clouds; though in fact, the quantity of electricity — 
the number of electrons — in a lightning flash is a good deal less 
than is supplied by a small flash-battery in half a minute. 

The earth has a negative charge — it contains some free electrons. 
The air conducts electricity very feebly. Actually, it is rather a 
puzzle why this conduction, though feeble, does not quickly 
carry off the whole charge from the earth; and for this and other 
reasons it is believed that the earth is generating electricity in its 
interior. It is not this rather small amount of electricity conducted 
from the earth to the air that causes thunderstorms. We know 
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very little about the way electricity is generated in a storm cloud, 
but it is generally believed that the electricity results from a 
combination of a rapid upward wind with falling rain. G. C. 
Simpson’s theory is based on the fact that a drop of water falling 
through an upward wind breaks up into 
smaller drops: the water becomes posi- 
tively charged and the surrounding air 
negatively charged. This much is proved 
by experiments. He goes on to suppose 
that in a thunderstorm an upward wind 
first converges and then diverges^ as in 
Fig. t6o, so that at the centre there is a 
more rapid wind than at B or C. The 
drops fidl from the high cold region B. 
They grow as they fall because they are 
cold and water vapour condenses on them, 
but as they grow, they break and break in 
the rising current until near the centre 
they become small enough to be carried 
up again by the wind. They carry up 
the positive charge they have gained 
from the breaking. They ihtn grow again and start to fall 
and break up once more, every break increasing their posi- 
tive charge. Finally, the positive charge becomes so great 
that the cloud’s attraction for negative electrons is such that these 
burst from another part of the cloud or from the earth as a flash 
of lightning, and restore the negative electrons the positive water 
drops have lost. In their course they ionise the atoms of air and so 
produce more electrons and the flash proceeds just as does an 
electric spark. It travels along a route which is probably deter- 
mined by the attraction of the cloud and the tracts of air which 
arc most easily ionised. As Plate XIV shows, the track of lightning 
is usually very crooked. 

A lightning flash may often have a voltage of 200,000,000. A 
voltage of 8,000,000 has been obtained on earth, Plate XIV shows 
a photo of a xnillion~volt arc. The amount of electricity in a 



Fig. 160. — lUustiating a 
possible way in which 
the charge on a thunder 
doud may be built up. 
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lightning flash is often only 20 coulombs, the amount of electricity 
burnt by a 60- watt lamp on a 210 volt circuit in a minute. 

The effects of lightning arc rather an anti-climax to its 
formidable appearance. A lightning flash will of course kill a 
man — but several have survived: it will split and scorch buildings 
and trees in a curious manner, and it sometimes melts the surface 
of rocks to a glassy film. 

Lightning conductors are fitted to most buildings. They are 
simply a metal point connected by a stout copper band to the 
eartii. If the air is highly electrified, a brush discharge carries 
away much of the electricity through the point safely to the 
earth. If the building is struck by lightning, the copper band may 
carry a small discharge to earth and so save the building. 

ARCS AND ARC-WELDING 


The arc is formed when a fairly large current at quite a low 
potential (c. 50 volts) passes between two poles of some material 
which can vaporise. If two carbon poles attached to the lighting 
circuit arc touched and separated (a resistance should be inserted 


to prevent the fuses blowing), a spark first passes and produces 
ionised carbon vapour. The current flowing through this heats 
it just as it heats any conductor, and the heat vaporises more 
carbon. The light of the white-hot vapour ionises the vapour 
itself so that the gap of an arc is always filled with white-hot 
ionised carbon vapour. The arc is at once exceedingly hot and 


exceedingly brilliant. 
The arc lamp is discussed 
with other sources of 
light (p. 449). An arc 
can be struck between 
metal poles and, unless 
they are very well 
cooled, they are soon 



melted. The iron arc is 
greatly used as a means 


hand and the seam to be welded. The metal is 
melted and on solidifying gives an extremely 
strong joint. (See also Pkte XIV.) 



294 World of Science 

prove it to be a material particle of electricity: we can measure its 
speed, mass and charge. The illustrations of the two experiments 
shown in Fig. 165 explain how we know some of these facts. 
In the first place, these “rays"* must proceed in straight lines, 
because they will cast a shadow. If they barged their way 
from atom to atom as an ion does, they would find their way 
round an obstruction just as a moving crowd surges round a 
pillar box. They behave, instead, like bullets fired from a machine- 
gun; an obstruction provides “cover” from them. 



Fig. 163. — (left) Streams of electrons casting a sharp shadow, (right) Streams of 
electrons deflected by magnet pole. They are made visible by their effea on a 
fluorescent screen (p. 515). 


That the rays consist of or carry charges of electricity is also 
clear, because if we intercept them on a metal plate, it becomes 
charged. Additional proof is given by the fact that they ate 
repelled by a negative charge and deflected by a magnet just in 
the same direction as is an electric current (Fig. 163). That the 
cathode rays are material particles is shown by their having a 
measurable weight, as explained below. 

These experiments show that the rays move in straight lines 
and that they carry negative electric charges. They might be ions 
— atoms carrying electric charges — had not their weight been 
measured and been found to be far less than that of any 
atom. 

To weigh these particles is more difficult. Obviously, no sort 
of balance is any good, and the only method that can be used, is 
to see how much they ate turned aside by a given electee 
field. 

Qeatly, a cannon ball going at 1,000 miles an hoot is harder 
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to turn aside than a pea going at the same pace. The task of 
deducing their weight from the deflection was not easy, for both 
their speed and the size of their charge influence the amount they 
are deflected, but the conclusion reached was that the particles 
in the cathode rays each weighed only of the weight of a 
hydrogen atom. Their charge was nearly 4.75 X electrostatic 
units, and their velocity depended on the voltage but was not far 
off ten million centimetres (sixty miles) a second. 

No matter what the material of the tube and plates were, nor 
what was the gas with which the discharge tube had been 
originally filled, the particles obtained were of exactly the same 
weight and had the same electric charge. The conclusion was 
that these particles were electricity and that they formed a part of 
all matter, because, after all, electricity can be obtained from every 
clement by various means (such as making it part of a battery, 
rubbing it in a friction machine, etc.). It was a longish step to 
show that matter of all kinds was made up of nothing but these 
electrons and positive charges. 


BATTERIES 

Electric batteries afford a very compact and portable way of 
getting electricity at a low potential. They are not of any use for 
public electricity supply, because they all depend for their energy 
on turning a metal into a compound and metajs, even iron, are 
comparatively expensive. The generating station depends on 
turning the much cheaper coal into carbon dioxide, and making 
the heat energy so obtained into mechanical energy, and turning 
this into electrical energy. Very roughly speaking, a flash-lamp 
battery burns zinc while a generating station burns coal. 

The essentials of an electric battery are two different metals 
(carbon may replace one of them) in a solution which can react 
chemically with one of them — that is to say, make its atoms join 
up with others and make a molecule. When these two metals arc 
joined by a wire, a current of electricity flows along it. 
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The metals ate chosen so that one is very easily affected by 
acids — zinc is suitable — and the other is not. 

While hundreds of batteries can be devised, there is only one 
that is at all often used nowadays: this is the Leclanch^ cell. All 
dry batteries and the ordinary bell batteries are varieties of this. 



GLASS JAR. 

ZINC ROD. 

POROUS POT. 

CARBON &Mn02 

CARBON ROD. 

SAL AMMONIAC 
SOLUTION 


Fig. 164a . — The jar type of Leclanche cell, much used 
for bells. 


The simplest Leclanch^ cell is as depicted 
in Fig. 164^. There is a zinc rod, a solution 
of ammonium chloride (sal ammoniac) and a 
pot, made of porous earthenware which lets 
liquid and electricity pass, containing a 
carbon rod packed round with manganese 
dioxide. 

Now, the zinc is made up of zinc atoms: 
each has a nucleus, three complete groups 
of electrons and a pair of outer electrons 
which are rather easily lost. 



the carbon rod: A 
is carbon and man- 
ganese dioxide sewn 
up in a bag C cor- 
responding to the 
porous pot. Next 
comes card-board D 
and the zinc case E 
which is both con- 
tainer and electrode. 
The whole is soaked 
in ammonium 
chloride solution 
and sealed with 
pitch. 


The ammonium chloride solution consists of water in which 


ate floating ammonium ions and chloride ions. Ammonium 
ions are nitrogen atoms with four hydrogen atoms round them. 
These contain eighteen protons and seventeen electrons, and so 
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have a positive charge. The 
chloride ions are chlorine 
atoms with one extra electron, 
and so have a negative cliarge. 

When the zinc and the car- 
bon are connected by a wire, 
the fun begins. The zinc atoms 
discard their two outer elec- 
trons and go off into the solu- 
tion as positive zinc ions. 

They cannot do this in the 
ordinary way because, if they 
did, the discarded electrons 
would pile up a big negative 
electric charge on the zinc, 
pull the positive ions back, 
and turn them into zinc atoms 
again. But in the battery, the 
electrons do not stay to make an electric charge on the 
zinc. They go off down the wire, enter the carbon, and 
start attracting the positive ammonium ions. Each time one of 
these touches the carbon, an elearon hitches up to it and turns it 
into a molecule of ordinary anunonia and an atom of hydrogen. 
The ammonia remains dissolved in the water of the solution. 
The hydrogen sticks to the carbon, and after a few minutes 
covers it up, and if the battery is working fast, it slows it down. 
This is where the manganese dioxide comes m. It has a lot of 
oxygen to spare, and this oxygen combines with the obstructive 
hydrogen and turns it into harmless water. 

The Leclanche cell then takes electrons out of zinc atoms: 
these go round a wire through lamps, beUs or whatever you wiU 
to the carbon pole where they turn ammonium ions into am- 
monia and hydrogen — which is finally turned to water. Dry 
batteries work in exactly the same way. Instead of having a free 
liquid which can slop about they have their ammonium chloride 
solution soaked up in some porous material (Fig. 164^^). 



Fig. x6j. — The chemistry of the 
Leclanchd cell. 
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to charge it up. The electrons of the current go to the lead ions 
in the lead sulphate plate and turn them back to lead. The 
sulphate ions float off into the solution. These and other sulphate 
ions, being negative, are attracted to the plate of pure lead and 
give up their electrons to it. These electrons are forced back by 
the charging dynamo to the other plate. The sulphate ion 
deprived of its charge is a combination of a sulphur atom and 
four oxygen atoms. This cannot exist without two extra electrons, 
so it drags them from a water molecule, turning it into an oxygen 
atom and two hydrogen atoms without electrons. The oxygen 
atom turns the lead plate into lead peroxide: the hydrogen atoms 
without electrons pick up a molecule of water each and make 
hydroxonium ions. The accumulator is now charged again as it 
was before! 

The storing of electricity is a great field for inventors. The 
lead accumulator is very efficient — you can get back almost all the 
electricity you put in — but it has several thoroughly bad features. 
First of all, it is very heavy. This makes it nearly useless for 
anything that has to move. A few electric vans run by batteries 
are used, chiefly because they pay a low tax, arc very free from 
noise and vibration and stop and start very easily: but it is wasteful 
for a five-ton lorry to carry a ton and a half of accumulators as 
its source of power. Moreover, storage batteries are slow to 
charge, for the electricity can only be put in at a certain rate. 
Lastly, they are rather short-lived. A couple of years is a good 
life for the starter battery of a car. 

A great many batteries have been devised to overcome these 
defects, but none appears to have done so at all completely. Some 
of the alkaline cells are lighter than the lead cells but are still 
heavy. 

If a really light and strong quick-charging storage battery 
could be devised it would revolutionise transport. The cars or 
vans fitted with it would ordinarily be left charging overnight: 
garages would have arrangements to charge it up in five minutes 
or so. An electric motor driven by a battery is comparatively 
light: it gives tremendous acceleration and very litdc trouble. 



PT,ATE XV 



Hydrogen cooled turbo-alternator generators in Littlebrook Power Station. 
75,000 kVA, ^,000 r.p.m. (Courtesy of Metropolitan Vickers TJectncal 

Co., [Ad ) 



5 5>5 5 5 kVA generator for Pyrmount, Sydney, Australia. View of 
3,000 r.p.m. rotor for No. 3 set on lathe in Trafford Works. (Courtesy 
of Metropolitan Vickers Rlectrical Co. T.td.) 
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The danger of fire from petrol would be eliminated, and the noise 
and exhaust fumes of our streets would be halved. No gears 
would be needed on an electric car, for some motors pull even 
better at lower speeds than at high. If any of my readers wants a 
hundred million pounds, let him invent and patent a light, strong 
storage battery which can be charged in a few minutes. There is 
nothing theoretically impossible about it: but no one has yet 
found the way to do it. 


ELECTROPLATINO 


Certain kinds of molecules, those of acids Uke sulphuric acid 
or hydrochloric acid, alkalis like caustic soda, or salts like common 
salt or copper sulphate consist of a positively charged part and a 
negatively charged part which are bound together by electrical 
attraction. A common salt crystal (p. 47) is just an orderly 
assembly of positive sodium ions (sodium 
atoms with one electron missing) and nega- 
tive chloride ions ^chlorine atoms with an 
extra electron). When salt is dissolved in 
water, these float about separately, so that 
a solution of salt is just a crowd of 
separate sodium ions and chloride ions. 

Just in the same way, a solution of copper 
sulphate is a solution of countless copper 
ions and sulphate ions. The copper ions 
are copper atoms with two electrons missing 
(Fig. 153), the sulphate ions are each a 
sulphur atom bound firmly to four oxygen 
atoms — these five atoms having two extra 
electrons shared between them. 

Now, suppose we want to plate a spoon 
with copper. We make a solution of copper 
sulphate: we connect a copper plate to the 
positive terminal of a single dry cell and 
the well-cleaned spoon to the negative plate 



Fig. 168. — The principle 
of copper plating. 
The sphetes vertically 
shaded represent oxy- 
gen atoms, that marked 
S a sulphur atom, that 
marked Cu a coppci 
ion. The spheres arc 
about thirty million 
times natural size, a 
drop contains millions 
of millions of them. 
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aad let them hang there for half an hour or bnger, A beautiful 
pink coating of copper soon spreads over the spoon. If we leave 
it long enough, the copper plate will be entirely eaten away 
and deposited on the spoon. 

Fig. t68 shows what has happened. The electrons crowd 
into die spoon and charge it negatively: accordingly, it attracts 
the copper ions. These barge their way through the water mole- 
cules and reach the spoon. From it they each take a pair of 
electrons and become copper atoms, firmly attached to the spoon. 
Meanwhile, the sulphate ions are repelled by the spoon and 
attracted by the plate. When they reach it, they hand over their 
two extra electrons to it and these go roimd to the battery again. 
But, the sulphate group left — a combination of a sulphur atom 
and four oxygen atoms — ^immediately takes two more electrons 
from a copper atom in the copper plate and makes a copper ion, 
itself becoming a sulphate ion once more. So, each pair of 
electrons which goes round, deposits a copper atom on the spoon 
and takes one off the plate. The solution remains the same, for 
just as many copper ions enter it as leave it. 

Industrially, this process of electroplating is very important 
indeed, because it gives a way of putting a thin layer of an 
expensive metal over a cheap one. 

The process of copper-plating which has just been described 
is used chiefly in order to prepare other metals to receive a 
coating of nickel, silver or gold. Another use for it is for refining 
copper. When copper is made by smelting, it has various im- 
purities including some silver and gold. An ingot of impure 
copper is hung on a bar connected to the positive pole of a 
dynamo, and a thin plate of pure copper is suspended from a 
metal bar electrically connected to the negative pole. Both 
hang in a solution of copper sulphate. The impure copper 
dissolves, and because copper is easier to electrolyse than most 
metals, it deposits on the pure copper plate while other metals, 
like iron, which may have been in the ingot remain in the solution. 
Any gold or silver sinks to the bottom as a mud which is re- 
covered and refined. 
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But to return to the chief use of electro-plating— -the coating of 
metals with another metal. 

Silver and gold plating are done from a solution of the very 
poisonous potassium cyanide. A silver plate is the positive 
pole» a solution containing silver nitrate and potassium cyanide 
is the liquid, and the forks or what not, 
the negative pole. Fig. 169 shows the 
very simple way a silver article can 
be gold-plated. Needless to say, great 
care must be taken in handling the ex- 
ceedingly dangerous potassium cyanide. 

Chromium plating is a comparative 
novelty. Chromium is extremely hard 
—harder than steel. It takes a brilliant 
polish, does not tarnish, and has a fine 
blue-white lustre. It is clearly an ex- 
cellent metal with which to coat any- 
thing. Unfortunately, it proved a very 
difficult metal to deposit. The diffi- 
culties have been overcome now, 
and chromium plate is seen every- 
where. 

In order to get a firm solid coating of any metal which will not 
Hake off, two rules must be followed. First, the voltage must be 
low and the current must not exceed a certain number of amps, 
per square inch plated. Secondly, the things to be plated must be 
very dean. A touch of a greasy finger is often enough to prevent 
the metal from sticking. 

The uses of electro-plating are not all ornamental or protective. 
Worn gear-wheels arc repaired by electro-depositing steel on 
them — a very valuable process in wartime, when spares were 
scarce. Furthermore it gives the perfect way of copying an object 
in metal. The copying of gramophone records in this way is 
described on p. 415; and any object, whether a condurtor or not, 
can be copied in the same fashion. 

This process of dectrolysis gives a way of measuring the 


c 
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Fig. 169 . — Goid>platiog a 
silver match-box. The liquid 
(L) is potassium cyanide 
solution; the anode is 
a gold ring, the cathode 
(C) the well-cleaned silvci 
matchbox. Both are sus- 
pended from an insulating 
rod (R), e.g., a pencil. The 
potassium cyamde solution 
dissolves the gold and the 
current tedeposits it on the 
silver. 




$04 Tlfg World of Scienco 

amount of current which passes. Every atom of copper de- 
posited from copper sulphate means that two electrons have 
passed: an atom of copper weighs nearly 1.05 X lo"** grammes, so 
that every gram of copper deposited means that 
20,000,000,000,000,000,000,000 electrons have passed. We do 
not measure quantities of electricity by the number of electrons, 
but by coulombs, each of which is about 6,000,000,000,000,000,000 
electrons. A coulomb is actually the amount of electricity which 
passes in a current of i ampere flowing for one second. It is 
found, then, that every gram of copper deposited in an electrolytic 
cell means that 3,085 coulombs have passed. This was used in 
one of the first kinds of electric meter. An arrangement was 
made by which a small known fraction of the current going to a 
house went through a cell made up of two copper plates im- 
mersed in copper sulphate solution. The negative plate was 
weighed at intervals and the amount of electricity used was 
worked out. Modern electric meters are of a different type, and 
depend on sending a fraction of the current through a small 
electric motor equipped with an arrangement for counting the 
number of times it turns. 

CONDUCTION OF ELECTRICITY 

Electrons, when they travel along a wire, probably thread their 
way between the atoms of the metal. However they travel, it is 
certain that the bigger the wire the more readily they can get 
through it. A wire of a square inch cross section lets a hundred 
times as much electricity through in a given time as a wire of 
jpjjth square inch cross section, if the same voltage is applied 
to the two ends. Materials too, differ enormously in the power of 
letting electricity through. When wires of certain materials are 
cooled down almost to absolute zero (p. 72) they become super- 
conductors and scarcely resist the passage of electricity at all. At 
ordinary temperatures silver tops the list as the best conductor; 
the other metals let through from 94% to 2% of the amount of 
current carried by a silver wire of the same size and length. All 
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other things arc much worse conductors. Solutions of acids, 
alkalis and salts conduct fiiirly well, and are electrolysed at the 
same time. Absolutely pure water only just conducts, and such 
substances as glass, sulphur, wax, resin, iamond, hardly at all. 

Naturally, we need some way of measuring how well or badly 
a given wire conducts and we settle on a quantity called its 
resistance to express the amount it diminishes a current that 
passes through it. We say that a wire has a resistance of an obm^ 
if, when its ends have a potential diflfcrcnce of a volt applied to 
them, a current of an ampere flows. A very convenient rule 
(Ohm’s Law) tells us that the resistance of a wire is the voltage 
applied to the ends of it divided by the current that goes through 
it. Take a 60-watt, 220-volt lamp as an example. A watt is the 
rate of working when the current of i ampere flows at a potential 
drop of I volt. So, a 60-watt lamp working at 220 volts is 
passing /^%th ampere. The resistance is the voltage (220) divided 
by the current amp. and this is equal to about 807 ohms. 



Fig. 170. — The resemblance between the flow of electricity and of water. 

An electric current passing along a wire has been compared to 
a flow of water through pipes and, as long as you consider only 
its flow, this is a good comparison. Its magnetic and inductive 
effects used in transformers, motors, etc., have no real parallel in a 
water stream. 
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In Fig. 170 we have the resemblance set out mote fully. A 
dynamo drives electrons round a circuit as a pump drives water. 
The difference of pressure (potential energy) of electrons at pole 
A and pole B is the voltage drop or “potential difference” or 
“electro-motive force” driving the electrons round. The differ- 
ence of pressure of water at A and B represents the same thing for 
a water circuit. The quantity of dectricity is measured in 
coulombs, so the flow pet second past every point is measured as 
coulombs per second. A coulomb-per-second is called an 
ampere. The flow of water would probably be measured in 
gallons per second. Obviously, the same quantity of water passes 
every point in the circuit during any given second— if it did not, 
water would be accumulating somewhere. The same is true of 
electricity: the amperage of a single circuit must be the same 
throughout. The pressure (voltage) of course drops steadily 
from A to B. It will drop most where the resistance is greatest. 
Thus, the biggest drop of pressure will take place between C and 
D in IxJth the electric and the water circuit. 

The terms series and parallel require some notice. If two 
or three objects are connected in series, the same electricity 

goes through all of them. If 
in parallel, the electricity in 
the circuit divides itself be- 
tween them and the greatest 
quantity of electricity passes 
through die things widi the 
least resistance to it ^Fig. 171). 
Parallel connections arealwatrs 
used for house lighting or 
heating, because they allow 
one lamp to be switched off 
without affecting the others. 

The lamps ate in parallel 
and, therefore, can be lighted 
independendy: but the j^ps 
and switches are in series. 




Pig. 171. — Qmiits in puallel and 
wtie*. In the uppei Ulustntion the 
Mcumulator, ammetet and plating 
ceil ate in aeries. In the lowei illustta- 
tioa the two lamp-cticuita aie in 
paiiDel. 
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Suppose the two lamps shown in Fig. 171 are of 60-watt and 
30-watt size. The 60-watt lamp has half the resistance ot the 50- 
watt one. The pressure of the mains is the same for each, so 
twice as much electricity flows through the 60- watt lamp. 

What happens to the energy lost when an electric current 
flows through a wire without apparently doing any useful work? 
The answer is that the ^‘resistance” is the slowing down of the 
stream of electrons by collision with the atoms of the metal of the 
wire. These arc speeded up and con^icquently become hot: the 
energy of the electricity is thus turned into heat and sometimes 
Ught. 

There is quite a simple rule which tdls how much heat will be 
obtained when electricity flows throu^ a lamp, wire, etc. It is 
that the heat is C*r/ joules. Multiply the current (C) in amperes by 
itself, multiply this by the resistance (r) of the wire or lamp and 
this by the time (/) in seconds and you get the amount of heat in 
“joules.” Divide this by 4.18 and you get the heat in calories— 
one caloric is the amount of heat that makes a gram of water one 
degree Centigrade hotter. 

Let us calculate the heat given by the 60-watt lamp in an hour. 
Actually, only about 1,5% of its energy appears as light, so we 
can neglect this. The current is amp., the resistance is 807 
ohms, the time 5,600 seconds. Accordingly, the heat is x 
X 807 X 3,600 joules = about 285,000 calories. This would 
heat about six pints of cold water to boiling. 

Electric lighting we will leave until we cofhe to talk about 
light. But electric heating has many merits, and this is 2, good 
place to discuss it. In the first place, electric heating needs no air 
and gives no fumes to be carried off* by chimneys. Consequently 
we can put an electric heater inside a boiler where every bit of its 
heat will go into the water: an electric fire can stand in the middle 
of a room and none of its heat need go up a chimney. So the 
heat it gives is very economically used. The trouble is that it is 
expensive. A ton of coal gives at least thirty million British 
thermal units of heat; a therm of gas gives 100,000 British thermal 
units; a unit of electricity gives 5,416 British thermal units. 
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Accordingly, if we have to lay out in heat, we may buy: 

A ton of coal at £2 and get 30,000,000 British thermal units. 

56J therms of gas at 8^d. a therm and get 5,650,000 British 
thermal units. 

480 units of electricity at id. a unit and get about 1,500,000 
British thermal units. 

Now, a coal fire at best only sends 25 % of its heat into a room, 
so that of its 50,000,000 British thermal units only 7,500,000 are 
any good; if the gas is burned in a gas fire, 50% are used, so the 
heat used comes to 3,000,000. The electric fire sends all its heat 
into the room so that you will get the whole 1,500,000. It 
appears from this that electric heating is about twice as expensive 
as gas heating, and gas heating twice as expensive as coal heating, 
but it must be remembered that we have assumed a rather high 
price for coal and a low price for electricity. Actually, a great 
deal of the cheapness of coal heating is nullified because a coal fire 
cannot be turned out when a room is unoccupied. 

An electric heater is simply a long wire wound on a support 
which does not conduct electricity and which will stand a high 
temperature. Fireclay or mica are ordinarily used. It does not 
matter whether the wire is straight or coiled: it gives just the same 
amount of beat but by coiling it we save space, and also make it 
cool less quickly and therefore reach a higher temperature. The 
advantage of this is that the wire becomes red-hot and gives out 
radiant heat as well as warming the air. 

The wire is usually made of an alloy of nickel and chromium. 
Other metals (except the very expensive platinum) would 
oxidise, get thin, and burn out in a short time. 

Electric heaters for water arc just the same in principle. The 
heating coil is usually in a metal case. 

The length of wire must be such as to let the right amount of 
current through. If it is too long, the current will be too small 
and the heat will be less: if too short, the current will be so large 
that the wire gets too hot and bums out. 

The heating effect of the current is used in the fuse-boxes 
fitted in every house. Suppose there were no fuses and two 



Electric Currents 


509 

electric wires were allowed to touch, as by accident they some- 
times do. There would be very little resistance to the current, so 
a huge current would pass and very great heat would be 
generated in the wires, probably setting the house alight. To 
avoid this, it is arranged that the current flows through a thin 
piece of wire, usually fine tinned copper or often an alloy of tin 
and lead. If a greater current than the house supply requires 
flows through this, it gets hot before the other wires — because its 
resistance is higher — and so is melted and breaks the current. It 
is very dangerous to mend fuses with thick wire (or, indeed, any 
but proper fuse wire) because if a short-circuit occurs the wires 
may burn out elsewhere than at the fuse. 

A common type of ammeter for measuring current depends on 
the heating effect. A wire is stretched and a light spring holds it 
taut. When a current passes the wire becomes hot and expands. 
The spring puUs it down and so moves the pointer. It is not an 
extremely accurate instrument, but it is foolproof and stands 
knocking about. 


MAGNETISM 

Magnetism is closely connected with electricity, and a great 
many important applications of electricity depend on it. The 
most important of all, the dynamo and electric motor, depend on 
magnetic forces — so also do the telegraph, telephone and many 
other devices. 

The permanent magnet has been known since very early 
times. 

A particular iron ore called lodestone or magnetite was 
discovered to have two very peculiar properties: it would attract 
pieces of iron to itself and, when hung by a thread, it would 
always set itself with one particular part to the north and another 
to the south. 

Magnets of lodestone are now rarely met with, for stronger 
and less bulky magnets can be made of steel. How is a magnet 
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current is reversed, the poles change places. Now an electric 
current flowing in a circle is a crowd of electrons moving in a 
circle. Atoms are made up of electrons, believed to be revolving 
in circles: so every atom ought to be a magnet. But every atom is 
not: and the reason is, that most atoms have as many electrons 
racing round them clock-wise as anti-clockwise, and their mag- 
netic forces cancel. The electrons themselves are spinning; this 
effect also normally cancels out because as many are spinning clock- 
wise as anti-clockwise. Iron and a few other elements have xm- 
symmetrical atoms, in which the electrons are not all paired so as 
to cancel their magnetic forces. G>nsequently an atom of iron be- 
haves like a tiny ring of 
wire carrying a current. 
In an ordinary piece of 
iron the rings lie higgledy- 
piggledy (Fig. 173), and 
as many atoms are exerting 
their forces in one direc- 
tion as in another. Con- 
sequently, a piece of iron is 
not a magnet. But bring a 
magnet near it, and all the 
ring-currents themselves 
set in the same direction: 
all pull the same way and together exert quite a big force. The 
iron has become a magnet. The really unsolved problem is why 
the iron atom is in this way so different from, say, the feebly 
magnetic nickel atom and so like it in other ways. The mariner's 
compass is a fairly ancient instrument. At one time it was 
believed that the Chinese knew of the compass as long ago as 
2300 B.C., but there does not seem to be any reliable record of its 
use before about a.d. 400. In Europe, the use of it in the form 
of a floating needle is first mentioned between a.d. i ioo and 1 200, 
and the pivoted compass was known before a.d. 1300. 

The principle of the compass is simple enough. It is a magnet 
suspended so as to turn freely. The whole earth is a magnet 




Fig. 175. — An unmagnetised bar of iron or 
steel (A) is thou|[bt to consist of atoms, 
each a tiny electric circuit, lying with their 
circuits at random in any plane: their effects 
therefore cancel out. The fully magnetised 
bar (B) has all these circuits in a plane at 
right angles to its length — consequently 
their effects reinforce each other. 
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«rilh its north pole in the Arctic and its south pole at the Antarctic, 
and the earth’s poles attract or repel the compass-needle’s poles. 
The Magnetic Poles arc not at the true north and south poles, 
which are the axes on which the earth turns. The consequence of 
this is that the compass does not point to the true north. It points 
about 13® west of north in London. 
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Fig. 174 . — On this map all places where the compass has the same deviation lie on 
the same line. On the darker lines lie the places where the compass points to the 
true north. 


In Cuba it points about 4® east of north and at Cape Town 
about 25® west of north. It follows then that it a ship is to be 
steered by a compass, the captain must have a map showing in 
what direction the compass points in that fart of the world. 
Worse still, the magnetic poles of the earth are always steadily 
shifting. In 1660 the compass pointed due north in London: in 
1800 it pointed 24® west of north: somewhere about a.d. 2000, 
it is likely to point due north again. 

An ordinary compass points along the earth’s surface roughly 
to the magnetic pole. If we suspend a magnetic needle so that it 
can swing up and down, it points more or less through the earth to 
the magnetic pole. 

It is not easy to understand why the earth should behave as a 
magnet. The obvious theory is to suppose that its interior is 
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made of iron, and its high density rather supports this. The rocks 
at the earth’s surface are on the average about two and a half 
times as heavy as water. But the earth itself is more than five times 
as heavy as a globe ot water of the same size. Clearly, then, the 
interior of the earth must be very dense. Ordinary iron has a 
density of 7.84. Meteorites, too, which are thought to be bits of 
exploded planets or stars, are usually mainly iron. 

The serious thing against this theory is that the inside of the 
earth is presumably very hot. Molten lava comes out of it, and 
mines become hotter as they go deeper. But iron loses all its 
magnetism at a red heat, and it seems then impossible to think of 
the earth as a magnetized lump of iron. All the same, we do not 
know whether iron imder the enormous pressures of the depths 
of the earth could be magnetized even when white hot, but there 
is no great reason to believe it. 

The most recent theory is that magnetism is simply the result 
of something spinning. The effect is a very small one, so much 
so that the effect is not noticeable with fly-wheels and so on. If 
the spinning object is very large then the magnetic effect becomes 
perceptible. If this is true not only the earth but tlie sun and the 
stars should be magnets and should be magnets of a strength 
which can be calculated from the theory we have mentioned. 

Now, we can’t go to the s\m and try a compass on it, but we 
have a way of studying its magnetism. When light is produced 
by a glowing atom, it is the shifting orbits of the electrons in the 
atom that fix the wavelength (p. 43 3^.) of the light. If the glowing 
atom is placed in a magnetic field, liese orbits are slightly altered, 
and where light of one wavelength was produced before, light of 
two or three slightly different wavelengths is produced instead. 
Now, the spectrograph (pp. gives us a way of measuring 

the wavelength of the sun’s light and by comparing the light that, 
say, glowing sodium gives in the sun and on the earth, we find 
that there is a huge magnetic field on the sun. At the sun’s poles 
it is over 100 times the highest pull of the earth’s magnetism, and 
this fits in precisely with the predictions of the theory. To 
tteasure the magnedc field of a star is much more diflicult but in 
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bne case it has been done and the results likewise confirm the 
theory. It looks, then, as if magnetism is the result of spin: but 
like gravitation, the way in which this works remain unknown. 

The electron also is magnetic and we suppose this is so because 
it is spinning with inconceivable velocity. 

Let us return to the earth once more. The compass is a useful 
guide in spite of the irregularities that have to be allowed for. 
More ships are still steered by the magnetic compass than by the 
gyro-compass (p. 172), although tte latter has none of the 
former’s defects. The principal irregularities of the magnetic 
compass are known as Deviation and Variation. Deviation is the 
error brought about by the magnetic influence on the compass 
needle of the metal parts of the ship. This error may be largely 
overcome by the placing of bar magnets about the compass in 
such a way that the attraction set up by the ship is neutralised. 
Variation occurs because the earth’s magnetic and geographic 
poles are differently situated. The compass shows the magnetic 
pole; but the navigator wants to know the geographic pole. 
There is no method of overcoming variation, and its value (in 
degrees) must be added to or subtracted from the compass reading 
to obtain a true course. 

The earliest compasses were just a magnetised needle stuck in a 
little piece of wood and floated on water. The next step was to 
balance a magnetised needle on a pivot and many pocket com- 
passes arc stfll of this type. The chief disadvantage of these 
compasses is the long time the needle swings before it settles. 
This is got over by filling the compass with alcohol and water 
which slows down its wagglings. 

The ship’s compass, instead of having a needle which points to 
markings on a ring, has several needles attached to a card marked 
with the points of the compass (Fig. 175). The whole card turns 
on a sapphire balanced on a needle. These compasses are also 
often filled with a mixture of alcohol and water to steady the card. 

The compass of a ship always stands in one place — on the 
binnacle or pedestal. The rolling and pitching of die ship would 
make it almost impossible for the card to turn freely, so the 
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Fig. 175 — The moving card of a ship's compass with attached magnetic needles. 
(Courtesy of Messrs. George Philip & Son. Ltd., and Capt. Lecky, from the latter's 
Wrink/es in Vractical Nmigation^ who also kindly furnished Fig. 1750.) 

compass is swung in gimbals (pivoted rings such as are used to 
support the gyroscope of Plate VIII); these keep it always level. 
To minimise the effect of the oscillations a bowl containing a 
viscous liquid such as castor-oil is attached to the base of the 
compass; its sluggish movements lag behind the oscillations of 
the compass and gimbals and so slow them up. 


E/e^tric Currents 




A compass needle is 
a magnet and is there- 
fore attracted by iron. 
As a modern ship is 
full of iron and steel it 
is very necessary to get 
rid of their attraction. 
The only way to do 
this is to put pieces of 
iron and small magnets 
near the compass in 
such positions that they 
pull the needle exactly 
as strongly as, and in 
exactly the opposite 
direction to the iron 
and steel in the ship. 
To do this, the ship is 
pointed N, S, E and W, 
and the iron masses and 
magnets in the pedestal 
are adjusted until the 
compass shows the cor- 
rect reading in every 
direction. 



Fig. — Section of compass supported on 
binnacle. 


The ordinary magnet has two poles. Both of these will attract 
anything near it, so that the force of the rikgnet will anywhere 
be a combination of the forces from the two poles. The direction 
of the force can be depicted by a line and it is easy in a very pretty 
way to make the magnet draw the pattern of its own lines of force. 

^t a magnet and put a stiff sheet of paper over it and dust 
on to it some iron filings. Any garage will have plenty on the 
bench round the vice: if they are greasy rinse them with petrol. 
Now tap the paper. The magnet turns each filing into a tiny 
magnet and the force makes it set in the direction of its pull. 
Plate XVI shows patterns obtained with a horseshoe magnet. 
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A magnet has the remarkable power of turning another p\tA 
of iron into a magnet. The tiny molecule-magnets arc, wc 
suppose, swung round by its attraction. This is well shown by 
hanging tin tacks on a magnet. Each tack becomes a magnet and 
so holds up the next one, which in turn becomes a magnet 
again. The “whiskers” which attach themselves to a magnet 
dipped in iron filings are produced by each filing attracting the next. 

Permanent magnets are fairly feeble. The largest magnetic 
forces are obtained by the use of the electric current. Now, a 
moving electron has a small magnetic field. Consequently, a 

current of eleari- 
city flowing along a 
wire exerts a small 
magnetic force. 
You can show this 
by floating a mag- 
netised needle in a 
saucer of water so 
that it lies just be- 
low a wire (Fig. 

Fio. 176. — (Above) a compass needle deflected by the ^ 7 ^)* On touching 
magnetic field of a wire (Below). The circular held the ends of the 
surrounding the wire. The arrows show the direction . - n u 

in which a north magnetic pole would be attracted. Wire Wltn a tlasn 

battery, the needle 

flicks sideways. The lines of force of the field — that is to say, the 
lines showing the direction in which it would pull a north-seeking 
magnetic pole, go round and round the wire. 

If yon look along the wire, so that the electrons 
are going away from you, the direction of the 
field is in a circle, anti-dockwise round the wire. 

That a drcular current behaves like a magnet 
may be seen by constructing a floating battery 
and loop as illustrated in Fig. 177. The loop 
sets itself with its ads in a N — S meridian as 
illustrated. The plates might be dne and Fig. 177.— AdicuUi 
copper and die liquid dilute sulphuric add. ” * 
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The force round a wire carrying a reasonable current is not 
great, but by coiling the wire in a spiral a considerable force can 
be concentrated in the small space within the spiral, for the 
magnetic field of each turn of wire acts in the same Erection. 
Pig. 178 shows such a coil encircling a rod of iron. In actual 
practice a great number of closely coded turns are employed, for 
the strength of the field you get d^ends on the current you 
pass and the number (and diameter*) of the turns of the spiral. 
The more the current, and the mote tiuns there are, the greater is 
the field. Unfortunately, the more wire you have the greater is the 
resistance of the wire to the current and the less current can be 
made to pass. Togetthe very biggestmagneticfields, huge currents 
of 5 ,000 or more amperes are used. However, these very powerful 
magnetic fields are used only in sdestific experiments. 

The magnetic force produced by an electric current is used 
for a great niunber of practical purposes. 

A spiral coil of wire with a current flowing round it is called 
a solenoid. It gives a fiiirly uniform magnetic field with a north 
pole at one end and a south pole at the other. 

If a tod of iron is placed in the middle 
of a solenoid, the magnetic force makes 
all the magnetic atoms of the iron face 
the same way (Fig. 178). Ojnscquently 
the iron is converted into a powerfiil 
magnet. If soft iron is used, the iron 
ceases to be a magnet as soon as the 
current is cut off. This arrangement of a 
piece of iron encircled by a coil of wire is 
called an electromagnet. 

Big electromagnets are greatly used 
for handling masses of scrap-iron, etc. 

Plate XVI shows one of the fevourite 
patterns. 

When the current is sent through the 

^ Tbe diameter does not matter in a long spiral. In a short one, the greater the 
diameter the less tbe magnetic field. 


s 



Fig. 178. — The magnetic 
field of the wire carrying 
the current is a arcle 
clockwise round it. Con- 
sequently all the lines of 
force within the spiral 
point the same way and 
sum up to a considerable 
magnetic force. 
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coil of wire the lines of force pass through the iron and it becomes a 
powerful magnet. When it is switched off again the iron ceases to 
be a magnet. The photograph shows a mass of scrap iron sus- 
pended by an electromagnet. Fragments and scrap of this kind 
are obviously difficult to move quickly: the electromagnet affords 
a very easy way of picking up and dropping it. 

To turn from big magnets to little ones, we find in the solenoid 
one of the most sensitive ways of detecting (and measuring) a 
small electric current. Most sensitive ammeters and voltmeters 
consist of a coil of wire within which is suspended a magnetic 
needle like a compass needle. WTien the current flows the coil 
creates a magnetic field which deflects the needle. 



Fig. 179. — A movable coil galvanometer (1). The instrument with cover removed 
(by permission of Messrs. Griffin and Tatlock.) (2) Diagram of wiring. 


The most sensitive type has a movable coil instead of a movable 
magnet as shown in Fig. 179. The current goes through a little 
coil of wire hanging by a conductive springy thread of phosphor 
bronze. The coil carries a little mirror. A spot of light is re- 
flected by this on to a scale. On either side of the coil are thie 
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poles of a powerful magnet. Suppose a current flows. The 
suspended coil becomes a magnet and the big magnet pulls it 
round till the spring of the suspension wire balances the pull. 
The coil carries the mirror with it, and the light-spot shifts along 
the scale. An instrument of this kind will detect a current of as 
little as io“i® amperes. 

An electromagnet is the easiest way to make an electric current 
do some simple act at a considerable distance. The telegraph 
gives the best example of this. It requires a battery, usually of 
fair voltage as the resistance of the long wire is considerable, 
a tapping key to cut off and switch OQ the current and an inker at 



battery; M, electro-magnet; S, spring supporting inker; P, pivot; I, 
ink; W, inl^g wheel; R, tooying paper tape; E, E, earth. 


the far end (Fig. i8o) to record the message. When the key is 
pressed down, the current flows through the battery and the key to 
the coil of wire round the iron core (M). This becomes a magnet 
and pulls the inking wheel on to the strip of paper which is all the 
time unrolling itself. When the key is released, the wheel springs 
down. It is unnecessary to use a double wire. The earth is used 
as one wire: it is a vast reservoir of electrons and the battery may 
be regarded as drawing them from the earth at the receiving end 
and discharging them into the earth at the sending end. 

The morse code used for telegrapliic purposes has only two 
signals, a long one or dash and a short one or dot. The letters 
of the alphabet, numbers and figures are all represented by 
combinations of these. Instead of (or as well as) an inker, the 
telegraph usually has a bu22cr (p. 525) which sounds when the 
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key is pressed down. This makes it easy for anyone who has 
learnt to do so to interpret the signals by ear. 

The telegraph is being steacUy superseded by the telephone, 
which is just as simple to instal and is much easier to use. It 
does not, however, write down its messagesl 

Where the telegraph line is long the resistance of the wire 
diminishes the current and the signals become faint. To remedy 
this relays are commonly used: These are another application 
of the electromagnet. Suppose the line extends 500 miles: this is 
divided into several circuits, each with its own battery. The 
signal-current in the first circuit operates an electro-magnet. 
TUs works a switch in the second circuit and so sets going a new 


II PI UNITS < I SI PI UNITS 



Pio. 181. — ^The telqjiintet code, Aciide tepiesentt s 
{mite of cutrent in one ditection; a blank square iy>ult« 
io the other dixectioo. (Couxtety of the GJP.O.) 
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signal-current as strong as may be wished. The second circuit 
has also a relay which sets the third going and so on till the 
destination is reached. 

The modem telegraphic apparatus is the teleprinter. This is 
a complicated mechanism which can hardly be understood without 
seeing it. It has at the sending end a keyboard like a typewriter: 
at the receiving end is a printing apparatus. Briefly, the depressing 
of the key corresponding to any letter causes five successive 
pulses of positive or negative current, differently arranged for 
each letter, to be sent out. These stt the receiving end operate 
what is almost a combination lock. Bach signal “unlocks” one 
of the 31 latches corresponding to one of the 31 letters or stops: 
this latch stops a rotating wheel of type at the right point for 
the required letter to be printed on a paper tape. These machines 
send about 6j words a minute with very little strain to the 
operator and none to the receiver. 

Submarine cables are a more difficult problem. You cannot put 
relays at the bottom of the sea, and so a current has to travel say, 
4,000 miles without any reinforcement. All sorts of problems 



Fig. 182. — A submarine cable. 


arise here which are not found elsewhere. In the first place, the 
cable must be extremely well insulated, i.e.,*coated with material 
which does not conduct electricity. It must be strong, for it is 
likely to lie across rocks and holes in the sea bottom where it has 
to support its own weight. Fig. 182 shows a drawing of such 
a cable. Starting from the inside we have the copper wire which 
carries the current, then a wrapping of metallic tape made of a 
nickel-iron alloy, “Permalloy.” The effect of this is to increase 
the speed at which signals can be sent. Outside this is the insulat- 
ing kyer of guttaperdta. This insulation must be very sound 
indeed. Next may follow a layer of brass tape in order to stop the 
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shipworm Teredo from boring holes in the cable: over this may be a 
layer of jute fibre to act as a cushion, then strong steel wires 
to take the pull when a cable hangs across a cleft in the sea bottom* 
Finally, a layer of jute fibre and pitch keeps the sea water from 
corroding the steel wires. So effective is this arrangement that 
cables have remained forty years in water and come up as good as 


The signals must be sent down the cable at a great pace if the 
very expensive cable is to pay its way in fees. Actually, speeds of 

2,500 letters a minute 
have been reached by 
mechanical senders — 
no human operator 
^ could work a key at 

A A j this pace! The signals 

L. I 1 ^ 

journey and 

B "riiii ^ amplifier — rather 

I Bltil W //yir' ^ like the valve amplifier 

ii FlUrl Jcur iS^S) ^ wireless-set in- 

^ creases them till they 

Jff j will work an inker. 

Fig. 183 shows such 

Fig. 183. — Kelvin inker. The coil A which receives inker. The inter- 

the currents hangs from the thread F. between the mittent currents (dots 
poles N, S of a powerful magnet. Its motions are « ^ j « 

transmitted by a thread to the inic-siphon D. The ^ ^ dashes) pass 

ink is kept electrically charged by the electrical through a Coil of wire 
machine MM. This is necessary in order to pre- Urr ^ 

vent the ink gathering in drops on the end of the hanging by a Springy 
tube D. thread in the field of a 


W 


Fig. 183 . — ^A Kelvin inker. The coil A which receives 
the currents hangs from the thread F. between the 
poles N, S of a powerful magnet. Its motions are 
transmitted by a thread to the ink-siphon D. The 
ink is kept electrically charged by the electrical 
machine MM. This is necessary in order to pre- 
thering in drops on the end of the 


machine MM. This is necessary in order t 
vent the ink gathering in drops on the end 
tube D. 


powerful magnet. When 
a “dot” or “dash” passes, 
the coil becomes a mag- 
net with its north pole to 
the big magnet’s north 
Fio. *«4-— “n* p«pet t8M of the tecoider en poU and its SOuA pole 

ttpwuo oenection w a dot: a downwud one a ,, ^ 

to the big magnet s 
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south pole. It is consequently sharply twisted round when 
the current passes. In doing so, it pulls a thread which deflects 
a little tube through which ink is trickling on to a moving 
paper strip. 

The difficulties experienced with submarine cables make 
wireless telegraphy (Chapter XVII) a more popular and cheaper 
way of sending long-distance messages. 

Electric bells are applications of the electro-magnet. The 
current passes through the coils of such a mag- 
net (A) and so excites the iron core (B). This 
attracts an iron pole-piece (P) which is I I 
attached to a steel spring (S) and has on it a ^Qi 
metal rod and baU (R). These fly forward and 
strike the bell. But the current after leaving 
the magnet runs through the polcpiece and 
the springs back to the battery. So the pole- I V 

piece in flying forward breaks the flow of 
current, the magnet ceases to attract it, and | q 

the spring makes it fly back. But as soon as it ^ M 

reaches its first position, the polepiece touches 
the contact, the current flows again, the 
magnet attracts the iron and the whole thing 
happens again. The bell therefore keeps ringing as long as the 
current flows. The number of strokes per second depends on the 
distance between the polepiece and magnet and the strength of the 
spring. Electric horns and buzzers (Fig. 241, p. 405) work in the 
same kind of way. 

If there is no bell but only the polepiece, spring, magnet and 
contact we have an interrupter used for turning a continuous 
current into one which is broken anjrthing from ten to a thousand 
times a second. We shall see that the induction coil uses an 
interrupter of this sort. 

iNDuenoN 

When a wire is moved either towards or away from another 
wire carrying a current the first wire has a current ^‘induced’' in it. 


Fig. 185. — The 
electric bell. 
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The reason for this is not susceptible of any simple e]q>laiiation. 
Roughly, we may say that when an electron moves along a wire it 
maWft a magnetic field of force round die wire. If this force is 

altered in the neigh- 
bourhood of a 
second wire a cur- 
rent will flow in it. 
The very simple 
rule is that if a 
current is flowing 
in a wire (A), and 
a second wire (B) is 
brought up towards 
A, then a current 
wiU flow in B in 
the opposite direc- 
tion to that of the 
current in A (Fig. 186, II). Qinversely, if the circuit B is drawn 
away from the current-carrying wire A, the current in B will 
flow in the same direction as that of the current in A (Fig. 1 86, 1 ). 

A further point: suppose we have two circuits A and B as 
before, and start a current in A. This is just as if we had brought 
circuit B up to A from an infinite distance where it could not ^1 
any effect from the current in A, Consequently, the starting of a 
current in A causes a current in B in the opposite direction to the 
current in A, and stopping a current in A causes a current in B 
in the same direction. You might think this was a way of getting 
a current for nothing, but the necessary energy is supplied by 
the first current. 

We see then that if we have two parallel wires and a current is 
started in one, a current is caused to flow in the opposite direction 
along the other. This ptindpie is used in the induction coil and 
used to turn low voltage currents into high voltage ones, and also 
in transformers, chiefly used for turning high voltage alternating 
current into low voltage current. 

The induction coil has a central primary coil of a few turns of 




CTO 
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Pig. 186. — Showing the diiection of the current 
induced in loop B when it is (left) drawn away 
from (right) brought up to a loop A carrying a 
clockwise current. 
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thick wire, usually wound as an iton core, and outside this, but not 
connected to it, the secondary winding of up to a hundred miles of 
fine well-insulated wire. A current passes through an interrupter 
— ^the simplest kind is really an electric bell without any bell, the 
primary coil acting as the magnet. This stops and starts the 
current through the primary coil several hundred times a second. 

Each time the current is started it induces a current in each of 
the thousands of turns of the secondary winding and in each of 
these turns the induced current has a certain s mall voltage or 
pressure. All these pressures add up, so that a very great voltage 
is reached. A hundred thousand volts can easily be attained. 

The iron core of the primary coil has a great effect. The coil 
acts like a magnet and so turns 

the iron into a magnet. This 5eeond«)fc«»vtum»ihi«vita) 
means that it brings into the 
right position all the little 
atomic circuits of the iton for 
inducing a current, so that not C 
only the currents in the coil but 
also those in the iron induce 
currents in the secondary 
winding. 

When the current is broken wrMTuttwttuck.»>iM) 



the arcuits m the iron jump back P*®- * *7— Dwgtam of mduction coU. 
. r / !.• L • ..u secondary winding may con- 

out of position (which is the tain nules of 
same thing as switching them 

off, for it is a paralkl current which causes another to be induced). 
The stopping of these currents, then, induces a current in the 
opposite direction in the secondary winding. The current from an 
induction coil therefore reverses itself hundreds of times a 


second. Specially pure soft iron is required for the cores of 
induction coils and transformers. Impure iron does not lose all 
its magnetism when the magnetising field is cut off. 

Induction coils are used duefiy for operating X-ray tubes and 
for the sparking plugs of cars, llie first needs very high voltages 
indeed, so it is usual to start with a fairly high primary current. 



528 Tie World of Science 

The ‘‘electric beir^ make-and-break is not much used for these» as 
sparking is serious when fairly high voltages are put through the 
primary; so, instead, a mercury interrupter is used. This is a 
little centrifugal pump which throws a jet of mercury. Each 
time the rotor turns, the mercury hits a contact and passes the 
current. The apparatus is usually filled with coal gas so that 
sparking cannot cause the mercury to be oxidised and 
dirty. 

Most of the current supplied from generating stations is 
alternating: that is to say it reverses its direction, say, fifty times a 
second. This if supplied to an induction coil would need no 
interrupter. 

Transformers are used to convert the very high voltage 
currents, which (p. 288) are the most economical to transmit, to 
the ordinary voltages which alone are safe enough for use. Thus 
a current ot i ampere at 130,000 volts could be turned into a 
current of 650 amperes at 200 volts. Transformers are really large 
induction coils. The current, it the voltage is to be lowered, is put 
through the secondary winding and taken off through the primary 
coil. No interrupter is needed, as alternating current reverses itself 
fifty times or so a second. The iron cores have to be very carefully 
built up of insulated layers, for currents are easily induced in the 
solid iron and flow round and round in it heating it up and wasting 
energy. A transformer cannot transform direct current: a serious 
disadvantage which is the chief reason for the wide use of 
alternating current. 

The Tesla coil works on a principle somewhat similar to that 
of the induction coil but more complicated. It produces currents 
which reverse their direction not a few hundred times a second 
but a hundred thousand or more times. These have great value 
for medical purposes, because currents of this enormous fre- 
quency, though they may have a potential of hundreds of 
thousands of volts, do not affect the nerves. Their effect on the 
body is only to heat it as any other conductor is heated by a 
current. All the ordinary ways of heating the body are rather 
ineffective. They heat only the surface and the efficient temperature 
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regulation of the body keeps the interior at a steady temperature. 

The method of Diathermy consists in passing enormously high 
frequency currents alternating a million or so times a second 
through the body. A low voltage current cannot penetrate the 
body, the resistance of which is several thousand ohms. A high 
voltage direct or ordinary alternating current is fatal, but a current 
reversing itself a million times a second penetrates the body, is 
harmless and merely sets the molecules of the tissues vibrating, 
and this vibration is, of course, heat. The value of this heat is 
chiefly to destroy certain bacteria which are very sensitive 
to it. 

If the electrodes applied to the body arc two large pads, only a 
more or less gentle warmth is felt in the tissues between them. If, 
however, one electrode is a point or knife-edge, the heat is 
concentrated where it touches the body. The diathermy knife is a 
loop of wire, connected to one pole of the high frequency 
apparatus, the other pole being connected to a large moist pad 
pressed against the body. The “knife” cuts the tissues by burning 
them locally. This has the advantage that the tiny veins and 
capillaries are sealed by the heat and the operation is bloodless. 

Very short “wireless” waves can penetrate the body and heat it 
up, ra^er like the diathermy current. These have been developed 
for medical purposes, and also for cookery. A leg of mutton 
permeated by these is heated all through, and not merely by 
conduction from the outside, and it can therefore be cooked with- 
in a few minutes. 


MAGNETS AND CURRENTS 

Given then that a wire carrying a current of electricity can 
induce a current in another wire which is being brought up to it 
or taken away from it, we can easily see that a magnet will cause a 
current in a loop of wire which is moved across its pole, A 
magnet, we said, was a collection of tiny circuits at right angles 
to its length, and all moving the same way. (Fig. 175.)^ This is 
equivalent in effect to a single circuit round the outside of a 
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magnet: this is proved by the £act that a spiral of wire carrying a 
current behaves precisely like a magnet. 

Suppose now a wire loop is drawn down past the fece of a 
south magnetic pole. As it leaves the top of each tiny circuit a 



current will be induced from B to A 
(the same way as in the top half of 
the circuit). Similarly, as it approaches 
the lower part of each circuit, the 


current induced in it will also be from 



Fig. 1 88. — How a magnet- 
pole induces a current in 
a wire drawn past its face. 


B to A (the opposite way to the 
current in the bottom half of the 
circuit). The effect is, then, that when 
a wire is drawn across the direction 
of the attraction of a magnet, a current 
flows. This is an extremely important 
result, for on it depends the principle 


of all the electric generators, 
or dynamos which supply the 
world’s electricity. 

The principle of these genera- 
tors is not very hard to grasp, 
though the madiines in practical 
use are pretty complicated. Sup- 
pose we have a large permanent 
magnet M and a wire loop 
ABCD which can rotate between 
its poles. The ends of this loop 
we take to a commutator C, two 
half rings on which slide brushes 
Br, Br', which can take the 
current where it is wanted. 
Suppose the loop is turned anti- 
clockwise. The molecular ring 
currents in the magnet pole N 
may be regarded as crossed by 
the wire loop AB. As the wire 



Fig. 189. — ^The essential parts ot the 
direct current generator. 
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comes down from the top of each of these, a current will 
be induced from B to A, and as the wire loop approaches 
the bottom of each such circuit, a current will also be induced 
from B to A. It is not didi^t to see that for the same 
reasons a current also flow from D to C. So, while the 
loop is turning, a current flows in the direction DCBA. When 
the loop has got round to the vertical position there will be no 
current flowing for it will not be moving parallel to the magnetic 
circuits, but when the loop begins to cross the poles again 
current will again flow in the direction DCBA. Tlie half of 
the loop which is passing the north polfc always has current 
in it in the BA direction, and always hands it to the brush Br: 
it is easy to see then that a current will go through the lamp 
always in the direction indicated as DCBA. The current will 
not be continuous but will come in pulses, being greatest 
when the loop is horizontal and least when it is vertical. 
In the ordinary dynamo the current is continuous because 
there ate many loops and some are alwa3rs passing the 
magnet. 

Now suppose we had no commuta- 
tor but only two slip-rings attached 
to out loop (Fig. 190). Now the brush 
Br' always takes the current from the 
same side (x) of the loop so that 
when X is moving downwards past 
the north pole it receives a current 

in the direction BA, but when it is 
rising past the south pole a current in 

the direction AB. So this dynamo 
would give an ahemating current 
which reverses its direction twice for 
every turn the loop makes. If a 
current is passed through a direct w.— The cs^tial parts 

current generator it will work as a genetttot. 
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motor. Suppose instead of the lamp in 
Fig. 189 we put a battery and that the 
electrons are flowing in the direction 
ABCD. Now the wire AB has a field 
of force (p. 318) which would repel 
the N magnetic pole downward. Since 
the N pole of the magnet is held still, 
it is the wire that is repelled upward 
and the loop swings round in a clock- 
wise direction. 

Let us see now how these very 
simple generators and motors are 
elaborated into practicable machines. 
Having seen that a loop of wire in a 
magnetic field can be made to turn 
electrical energy into mechanical 
energy and vice versa^ the next thing 
is to put this into practice. To begin with, the permanent magnet 
wc have drawn in our simple pictures will not produce a very 
strong field. We can improve on 

this with an electro-magnet (p. 5 1 9), 1 

the field of whicli we can control. 

Then we might have more than one iaOi!/ 
magnet and use four or six or more 
poles. There is not much point in ^9** — Electro-magnet with 

havmg a powerful machtae just to 

push round a single loop of wire, so generators. 

wc use a large number of loops wound on an iron core. This 

core serves to concentrate the field and so add to the power of the 

motor or generator. Direct current machines will be described 

first, because here motors and generators are almost identical. 

The armature, as the moving part is called, is a cylinder of 
iron with longitudinal slots in which the wire loops lie. The wire 
loops are connected to the segments of the commutator, there 
being a large number of these segments instead of two as in our 
simple machine. The winding of the armature may take many 
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forms. A simple case of 
what is called lap winding 
will be described. 

Fig* ^93 is a diagram- 
matic view of an armature, 
the commutator divided 
into segments being on the Pig. 193.*— Diagram of an armature, 
left. If wefollowthe circuit 

from segment No. i we find the current can flow round the arma- 
ture I, I, I, I and then to segment 2, then round loop 2, 2, 2, z, 
and so on. Thus, if the armature is rotated between the poles 
of a magnet, an e.m.f. or electrical pressure is generated in each 
loop and these e.m.f.’s add up to make a large total e.m.f. 
Conversely, if an c.m.f. is applied to the brushes, it will send 
a current through all the loops in series and each will add its 
contribution to the turning force of the machine now acting as 
a motor. Examination will reveal that there are two separate paths 
for the current to flow from one brush to the other, but a little 
consideration will show that these circuits work together. 

In the diagram only one loop for each segment is shown. In 
practice, the wire might be wound round several times in the 
same slot before passing to the next segment. 

What has been described is only one of a large number of ways 
of winding an armature, but they all agree in taking the current 
a number of times round the core. 

The field magnets are so shaped that they produce as strong 
a field as possible through the armature. In small machines the 
“horse-shoe” type is used, wound with field coils round the legs. 
In large and multipolar machines the armature is entirely sur- 
rounded by a casting with the magnets fixed inside. Each magnet 
consists of a cast-steel core, the end enlarged where it faces the 
armature and wound with the wire carrying the magnetising 
current (Fig. 192). 

The method of applying the current to the field magnets 
depends on the use to which the machine is to be put. 

In a generator we might use a separate current supply to exate 
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the field. This is usually the case 
for A.C. generators, but is not 
necessary for D.C. machines. 
Here we can connect the field 
magnet cither in series with the 
armature, as in Fig. 194 B, or else 
in a shunt. Fig. 194 C. Series 
motors exert a very large pull on 
starting and so are useful for 
traction purposes. On the other 
hand, they must not run with a 
small load or they would acquire 
an excessive speed. Shunt motors 
Fxo. 194.— (A) eepatate (B) serie* ate better suited for conditions 

(D) cewnpoun where the load is variable, as they 
tun more or less at a constant speed. 

The properties of steadiness and ability to take a heavy load 
are well combined in the compound motor (Fig. 194, D), in 
which there are some series and some shunt turns on the magnets. 
Dynamos are usually compound wound, as it is possible by 
compounding to supply a constant voltage under varying demand 
for current. 

It may be asked, “Can a generator excite its own field magnets?” 
The answer is, “Under certain conditions, yes.” There is always 
a certain amount of residual magnetism in the iron cores of the 
field magnets when the macliine is stopped. When the machine 
starts, its armature runs in this field and so a small current is 
produced. This passes through the field magnet coils and 
increases the field, which in mm reacts on the armatures until 
the full field is produced. This will not happen if the speed is 
too low and other conditions in the machine are not satisfied. 

Alternating current machines offer a greater variety of types, 
but many of them are described in dealing with D.C. machines. 
For instance, the simple commutator motor can, with technical 
modification, be run on A.C. Suppose the current at one instant 
be flowing through the loop (Fig. 195) as shown. The top 
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of the loop is a north pole and the bottom a south (compare 
p. 318 and Fig. 177). The loop therefore turns in a clockwise 
direction. Now the current being alternating, it reverses its 
direction after a fraction of a second, but since the current 
through the field magnets also changes its direction the north 
pole becomes a south one and vm versa, and both the armature 
and the field magnets reverse their polarity. The result is that the 
force is still in the same direction and the armature goes on 
turning. 

The simple A.C. generator with collecting rings can also be 



Fig. 195. — Qlustfating the principles of A.C. motors. 


used as a motor if supplied with A.C. of the proper frequency 
and nm at the proper speed. Current is passing round the loop 
(Fig- 195) give it poles as shown. The loop turns clock- 
wise until its north pole faces the south pole of the magnet. 
If, at this moment, dhe direction of the current in the loop is 
reversed (the field magnets remaining the same) there will be 
two south and two north poles together; they repel each other 
and so continue the rotation of the loop. For such a motor as 
this to work, the current applied to the magnefs must reverse 
itself just as the coil is pulled to face the poles, that is, it must 
have the samt Jreqmncy as the coil. Synchronous motors built on 
this principle require auxiliary starting motors to get them in 
step '^th die current. The electric clocks run off the alternating 
curreht mains depend on a similar principle. Their synchronous 
motors can only work in exact time with the pulses of the alter- 
nating current and these on the grid system are accurately timed 
to 100 per second. Consequently the clocks must keep exact time 
with the master clock at the generating station with regulates the 
generators and is constant within 2 secs, per day. 
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magnetic field moving round in the steel produces just the sanie 
e£fect as the steel moving in a magnetic field and consequently 
currents are induced in the steel. These heat it up and mdt it; 
and since the currents in the steel arc in a magnetic field, the steel 
moves just like the armature of a dynamo, so die induction 
furnace actually melts the steel and stirs it— a very valuable 
property. The most remarkable thing about the induction furnace 
is that it is cold! The rotating magnetic field will only heat 
something which conducts, e.g., iron or other metal. The story 
is told— I have it only on hearsay— of an engineer who put his 
head inside an empty induction furnace and dropped dead for 
no apparent reason. An autopsy showed that as the result of a 
war wound he had a splinter of steel harmlessly embedded in an 
inessential part of his brain. The magnetic field heated this red 
hot in a few seconds with fatal results. 



CHAPTER XI 


Power and Locomotion 
TYPES OF ENGINE 

W E have seen that there are font important classes of 
engine: the water-turbine, the ste^ engine, the internal 
combustion engine and the electric motor. We can divide 
these up further into eight great types of engine: 

The water-turbine. 

The steam-turbine. 

The reciprocating steam engine. 

The internal combustion engine with electrical ignition. 
The compression-ignition internal combustion engine. 
The gas-turbine. 

The reaction-or jet-engine. 

The electric motor. 

Two types, the gas-turbine and jet-engine, are used only for 
locomotion. Apart from locomotion the six other types are 
chiefly useful for the following jobs: 

Water-turbines Generating electricity. 

Steam-turbines Generating electricity. 

Driving large pumps, etc. 

Reciprocating engines Small generating plants. Pumping 

engines. Driving shafting for fec- 
cories of all types. Portable engines 
for threshing machines, saw mills, 
etc. Winding engines for collieries. 
Internal combustion Large gas engines are much used for 

engine, with electrical blowing engines, for blast furnaces, 

ignition for rolling mills, saw mills and 

various fiictory jobs. 
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Compression-ignition Chiefly used for generating electricity 

engines and heavy pumping work. 

Electric motors Almost all the above purposes but 

particularly adapted to high-speed 
work. 

It is interesting to consider the way that these engines can be 
applied to perhaps the most important of jobs, locomotion — e.g., 
driving ships, trains, buses, aeroplanes, etc. 

The water turbine is obviously impossible for locomotion, 
because a water supply is not a thing one can carry about. The 
turbine can be used to make electricity and drive a motor, but 
that is hardly what we are considering here. The five other types 
of engine are ail used in water, road, rail or air transport. 

WATER TRANSPORT 

What sort of engine does a ship need? A large ship obviously 
needs a very powerful engine, but all types can be made powerful 
enough if we choose. 

There is no particular advantage in having a light weight 
engine in a ship, so, except for auxiliaries and racing yachts, we 
rule out the petrol engine, which is very powerful in proportion 
to its weight but burns an expensive fuel. The gas engine 
for obvious reasons is not employed. Electricity, too, cannot be 
the ship’s source of power. It is possible to make electricity by 
an oil engine or steam engine coupled to a dynamo in the ship 
and drive the ship’s screw by electric motors, tut this is not 
much more than a smooth way of gearing the screws to the 
steam or oil engine. 

We are left, then, with the reciprocating steam engine, the 
steam turbine and the compression-ignition or Diesel engine. 
AU three of these can be built in big units which can give the 
great power required, up to 100,000 h.p. or more; and all these 
arc greatly used, which clearly shows that each of the three has 
some merit for some purpose. 

The cargo steamer wants a very economical engine. It does not 
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weight as is a locomotive engine; consequently trouble is taken 
to use the steam as fully as possible, so ensuring economical 
working. The boiler is usually of the water-tube type. In order 
to rake as much of the heat as possible from the furnace, the 
water is mainly contained in narrow tubes (Fig. 198). TTiese 
have a very large surface and it is thus possible to supply heat 



PfG. 199. — The ariangement of the parts of a marine engine. Steam 
^nerated in the boiler (Fig. 198) expands by stages in the high pressure, 
mtermediate ptessute and the two low*pfes8iire cylinders. Its pressure is 
then much less than atmospheric. The condenser cools the steam till it 
becomes water. Air must be removed from the condenser so that the ptessute 
shall remain low. The condensed water is returned to the boiler. 


rapidly and obtain much steam from a boiler which is not too 
large and heavy. The steam passes through a superheater, which 
raises its temperature so that it will not condense on leaving the 
boiler. It may leave the boiler at some 500 lbs. pressure and a 
temperature of about 400° C— hotter than melting lead. Hie 
steam successively operates the pistons of three cylinders or even 
four (p. 265). In this way it can eiq>and enormously. It then 
passes to a condenser. Here it condenses to water, which is 
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returned to the boiler. The marine engine operates under first- 
rate conditions. There is comparatively ample space for the 
most economical designs to be used: moreover, the propeller 
runs at a steady speed. 

The engines of a liner present other problems than those to 
be solved by the designer of the cargo-boat^s engines. The 
expense of running a ship rises enormously with its speed: the 
resistance of the ship increases as (almost) &e cube of the speed. 
&>nsequently twenty-seven times as much power is needed 
to propel a boat at thirty knots as is needed to propel it at ten 
knots. The cargo boat will, of course, carry nearly twice the 
cargo in a year if it travels at twice the speed: this probably wiU 
not pay if it has to use eight times as much tuel. The paying 
speed for such boats is 10-15 knots. Litters must get people 
quickly to their destination: they vie with each other to be the 
fastest boat. They run less economically than the cargo boat 
and have a speed of up to 30 knots or even more. Their engines 
have to be large and have to work without discomfort to the 
passengers. Consequently a smooth-running t]rpe of engine is 
chosen for liners; on this account designers choose the steam 
turbine, which even at high speed will not vibrate enough to 
make its casing qtiiver. The vibration felt in a liner chiefly arises 
from the propeller. The turbine, too, is more efficient than the 
reciprocating engine in units of over 1000 h.p.; the largest 
liners have engines of 200,000 h.p. Occasionally both t3q)es 
of engine are used. The liner Olympic employed reciprocating 
engines for two of her propellers and conducted the exhaust steam 
from both into a turbine which drove the central one. This is 
an economical arrangement, for the turbine is particularly well 
able to get the last bit of energy from low-pressure steam, while 
the reciprocating engines have the convenience of being easily 
reversed. 

The battleship presents a third problem. If it is to survive 
and destroy, it must have greater speed than its adversary. Its 
weight is enormous: comfort is of no importance. A destroyer 
is a good exam^e of such a ship. Though its displacement may 
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be only 1350 tons, its engines may develop 44,000 h.p., suid can 
drive it through the water at 38 knots. Here, again, the turbine 
is usually chosen, for it is best adapted to developing great power 
in a sffl^ space. 

The use of oil-engines for craft of every description from 
yachts to liners is steadily increasing. They have several great 
advantages. An oil-engine weighs about a third as much as a 
steam-engine of the same power. It only takes up two-thirds of 
the space and its fuel takes up less than half the room. 

The fact that Great Britain possesses much coal and no oil 
wiU for obvious reasons necessitate her vessels being largely run 
by steam, but there is little doubt that the number of steamships 
will steadily diminish. 



Fig. 200. — A modem coaster iUustrating the small space occupied by the Diesel 
Engine. (Courtesy of James Pollock Sons & Co,, Ltd.) 


The chief type of engine used is the Diesel (pp. 272-274) one; 
type is illustrated (Fig. 132). Its remarkable compactness is very 
well shown in Fig. 200, which shows the very small space taken 
up in a coaster by its Diesel engine. 


LAND TRANSPORT 

As soon as we come on land, we find the question of weight 
bulking large. It matters least in rail vehicles, for the friction 
of rails is very small. An engine which can pull 10 tons on a 
level road can pull 40 tons on rails. 

It is interesting to see how the stationary steam engine 
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has to be modified to adapt it for use in a locomotive. A loco- 
motive has to be reasonably compact. Its width cannot exceed 
that which will allow it comfortably to clear another such engine 
on the next line. Its height is limited by the bridges it must go 
under and its length by the sharpness of the curves it must 
traverse. Limited in size, it must produce from looo to 3000 h.p., 
and must operate with fair economy. Great economy is incom- 
patible with limited size and weight. Thus the increase in 
efficiency gained by using a condenser (p. and, at most, more 
than two stages of compound expansion is hardly possible in a 
locomotive. 

The essential parts of the steam-engine are the furnace, boiler, 
cylinders and pistons, and drive to wheels. 

The furnace of a locomotive must be small, but it must supply 
great quantities of heat and so burn coal very rapidly. The rate 
of burning depends very largely on the draught, i.e., the air supply. 
The air supply is drawn into an ordinary furnace by the column 
of hot air rising up the chimney stack. The locomotive can have 
no stack worth speaking of, consequently it must make its own 
draught. The steam as it issues from the cylinder is led into the 
base of the smoke-stack: as it rushes upward from the exhaust 
pipe E it carries with it the flue gases and so causes a powerful 
inrush of air through the firebox. This air enters at the front of 
the engine, travels through the hot-air space (Fig 201) above the 
boiler tubes and so returns some of the waste heat from the 
furnace-casing to the furnace. The most modern locomotives 
employ a water tube boiler similar to those used in marine 
engines. Figs. 201, 205 show the arrangement of these tubes. 
The steam pressure is usually 200-250 lbs. per square inch. As we 
saw on p. 262, the higher the steam-pressure the greater the 
economy of working. The disastrous effects of boiler explosions 
in railway accidents have discouraged designers from using 
very high pressures, but a locomotive using 850 lbs. per square 
inch pressure has been tried out and found very efficient. The 
steam is usually superheated by leading it through strong pipes 
heated in the far end of the furnace; thence it goes to the pistons 
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and cyliadets, which wotk in |ust 
the same way as those of the 
engine described on p. 264. A 
locomotive requires no gears: it 
changes its pulling power by 
altering the cut-off. When an 
engine is pulling a heavy train 
up a grade it keeps the inlet valve 
open during a large part of the 
piston’s travel. The piston is thus 
exposed to the full boiler pressure 
for most of its stroke. When 
travelling at speed on the level or 
down grade, the cut-off is arranged 
so that the inlet valve closes early 
and the expansion of the steam 
operates the piston for most of 
the stroke: this, of course, de- 
creases the quantity of steam 
used and therefore of coal burnt. 

The use of two or three cylin- 
ders — compound e:q>ansion — is 
sometimes adopted. It makes for 
economy, but since the low pres- 
sure cylinders have to be very 
large, it adds to the weight and 
bulk of the engine. It is also less 
suitable for locomotives which 
run at uneven speeds than for the 
steadily tunning marine engine. 
The pistons by the connecting tod 
and parallel rod finally turn the 
great driving wheels, a process 
which, since it can be watched 
in any locomotive, need not be 
described here. 
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Pro. 202. — How the pistons opente the diiTtng wheels of a locomotiye. 


The most efficient steam engine is the turbine, and consequently 
many attempts have been made to use it for driving a locomotive. 
The obvious difficulties are the very varying speed of the loco- 
motive, the fact that a turbine caiuiot be reversed and the need 
to reduce its very high speed of thousands of revolutions per 
minute to the 300 r.p.m. which is the highest p2ce of the great 
6ft. 6in. driving wheels. 

Turbine locomotives have been used in Sweden for some 
years; the first British turbine locomotive is the recently con- 
structed L.M.S. engine “Turbomotivc”. The boiler generates 
steam at zjo lbs. pet sq. inch which is superheated to 750® F. 

There are two turbines, a forward and a reverse, housed in the 
position occupied by the cylinders in the orthodox locomotive. 
Six separate nozzles supply steam to the forward turbine, thus 
allowing the speed to be controlled. The exhaust steam is not 
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Fig. 2O3, — ^Detail of locomotiye tbown in Fig, 201, 202, 
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condensed as in the stationary turbine, but escapes via the smoke^ 
stack. The turbines drive the wheels by double helical gears 
like those in Plate IX (see p. 192). The advantages of such 
a locomotive are the smooth and steady pull, which, as explained 
on page 3 jo, is one of the main features of the electric locomotive, 
the absence of vibration, which further causes a smaller repair 
cost and a saving of coal, due to increased ejfSciency, of some 
15%. Since there is no condenser, the efficiency is much less 
than that of a stationary turbine, but it is considerably greatei 
than that of the non-condensing reciprocating engine of an 
orthodox locomotive. 

The railways of the world, with few exceptions — of which the 
Austrian railways are perhaps the chief— are now run by steam, 
though it is very doubtful if this will be true in twenty-five years 
time. Locomotive design has been perfected over a hundred years, 
and the modern railway engine is a marvel of complexity. 
But judged by results, it leaves much to be desired. Of the heat 
produced by burning the coal, not one-twelfth — and often not 
one-twentieth — is used in pulling the train. The rest disappears 
in heat losses from the boiler, in hot flue gases from the funnel, 
in uncondensed steam, and above all in moving a vast engine 
and tender which may weigh 270 tons. This defect of having to 
haul 200 tons of engine and tender in order to pull 500 tons of 
train, with perhaps only fifteen tons of people in it, is, from the 
engineering point of view, absurd. Apart from this, we have 
already seen that high efficiency in a steam-engine can only be 
gained by using several stages of compound expansion (p. 265), 
an efficient condenser, and various devices designed to rob the 
issuing gases of as much heat as possible. These devices cannot, 
for various reasons, chiefly those of bulk and weight, be employed 
on locomotives, which therefore, though much improved of late 
years, remain, as engines, inefficient. 

Well, then, why not scrap the steam locomotives or why not 
electrify the lines? Two difficulties stand in the way. First, 
these systems have not been tried out sufficiently for a com- 
pany to stake miUions on them; secondly the cost of scrapping 
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steam and replacing it would have to be met by borrowing money. 
The interest on this would probably cat up all the profit that the 
economy of the change would bring. None the less, the German 
and American railways are beginning to replace steam by oil, 
and even in England electrification is spreading. 

The electric railway is, of course, already a fact. Numerous 
lines are electrifying their suburban areas and some are going 
further afield. The degree of advantage of electricity over steam 
depends, of course, on what the electricity costs. But, generally 
speaking, the railway can use cheap slack coal in a power station 
while it needs good coal for its engine. 

A generating station will turn some 30% of the heat of its 
coal into electricity. Of this, perhaps, 10% is lost in distributing 
it along the power lines. The electric locomotive turns 95% 
of its electricity into power, so that at least 25% of the heat of 
the coal is actually used. 

The steam locomotive uses some 7% of the heat of its coal. 
The economy of two-thirds of the railway's coal is enough to 
save heavily on the cost of the power stations, etc. 

There are several other advantages in the electric railway. 
The first is rapid acceleration and braking. A steam train 
increases its speed at about half a mile an hour per second; an 
electric train at one to one and a half miles an hour per second. 
This causes a huge saving in suburban trains which stop every 
mile or so. The reason of this is not a greater power, but a steady 
pull. The steam engine pulls much more strongly when the 
piston is at the beginning of the stroke than when it is at the 
end, so that it really drives in a series of jerks. Moreover, if 
any locomotive pulls harder than a certain figure, its wheels will 
slip round and round on the rails while the train stays still. The 
‘‘jerks,” when the pull is strongest, consequently start it slipping. 

The electric locomotive can keep up a steady pull just less than 
the pull which will cause wheel-slip: it also drives on a larger 
number of wheels; each of these has therefore less pull on it 
and is less prone to slip. Another advantage is its lightness. 
The difference in weight between a locomotive and the driving 
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unit of an electric ttain is enotmous. 

llie electric ttain goes forward or backward with equal ease. 
It comes into a terminus platform, discharges its passengers, 
picks up a new lot and departs. The steam train deposits its load, 
then has to go out of the station and hare its locomotive trans- 
ferred to the other end, before it can move out again. A station 
can therefore handle just twice as many electric trains as steam 
trains. 

Two more considerable advantages of the electric train ate, 
first, that it wastes nothing when it is standing still. A steam 
locomotive bums coal when it is standing about doing nothing. 
Finally, but not least, the electric train makes no smoke or smell. 
Some of our London stations, begrimed with smoke, contrast 
ill with others which are largely used by Electric trains and remain 
clean and bright. If any reader remembers the Crystal Palace 
tunnel before the line was largely electrified, he will appreciate 
the poin^ if he contrasts its present state with a tube railway 
tunnel, the point will be further emphasised. 



Fig, 204. — ^Mixed tiaific diescl-clectric locomotive, fot^ ft. 6 in. gauge, 
I, loj H.P., 76 tons weight. (Courtesy of Mctropolitan-Vickers Electrical 
Co., Ltd.) 


The type of locomotive which has, of recent years, made the 
most rapid progress — ^particularly in the U.S.A. — ^is the Diesel- 
Electric. In this type of locomotive an oil-engine drives a 
generator which supplies a number of electric traction motors 
geared to the axles. Its performance characteristics are similar 
to those of an electric locomotive although naturally it does not 
possess the high overload capacity for short periods of the latter, 
due to the limited power available. It is, however, like the steam 
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locomotive, a self-contained power umt and avoids the expense 
of an overhead or third-rail supply system. While the price of a 
diesel-electric locomotive is at present about three times that of 
a comparable steam locomotive, the operating cost of the diesel 
is very much less. The proportion of heat turned into work by 
the diesel-electric locomotive is 27 to 30% compared with about 
7% for steam. Other advantages which the diesel-electric 
locomotive possesses over the steam locomotive are the simplicity 
and comfort of control, the absence of smoke and the dirt and 
expense which smoke creates, the ability to operate over long 
range without fuel replenishment and the abolition of expensive 
coal, ash-handling and water-treatment plants. The fuel is gas- 
oil, and the advisability of using diesel-electric locomotives 
largely depends on the ease with which this can be obtained. 

Rail transport is obviously adapted for heavy loads, long 
distances and high speeds, or some of these. The mere fact of the 
friction of wheels on rails being about a quarter of that of wheels 
on a good road gives the former a great initial advantage over 
road transport. Any vehicle intended for road transport must 
be able to stop and start rapidly, easily and economically, particu- 
larly in towns: weight also matters a good deal more than with 
rail transport, for at present road surfaces and bridges are not 
adapted for weights like those of a railway engine. First of all, 
consider the light passenger vehicle. The petrol-engine takes 
first place on the road chiefly because it is light for its power 
and because it is so very easily controlled. Steam is not simple 
enough: there arc stiU one or two steam cars on the market, but 
their fatal defect is that they require a minute or two to get up 
steam on starting; while the petrol engine starts instantly — ^if it 
is working properly. Electricity involves carrying very heavy 
batteries, and if the weight of these is to be reasonable, the power 
available is but small. The oU-cnginc of the Diesel type is as 
yet not very suitable for low powers. Units of 60-90 h.p. are 
made, but the horse-power tax prevents their use. 

The motor car presents several problems which do not arise 
in the locomotive. Its engine works elEciently only at a fairly 
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high tate of revolution. It is necessary, therefore, to have gears 
to allow of slow running. These gears have already been dis- 
cussed (p. 194). Moreover, once stopped, the engine is not easily 
started — unlike the steam engine or electric motor. It is neces- 
sary, therefore, to have a clutch by which the engine can be dis- 
engaged from the driving wheels. Finally, motor cats turn 
sharply (as locomotives do not). It is necessary then that the 
back wheels should be able to rotate at different speeds, for on 
a sharp turn the inside wheel may well be going at half the pace 
of the outer one. If they were on a single solid axle, they would 
have to turn at the same speed, and one or both would have to 
slip on the road surface, so rapidly destroying the tyres. The 



differential is an arrangement which drives both back wheels 
off the single shaft, yet lets them move independently. The 
differential is much less easy to comprehend in a picture than on 
the car itself, but it is possible to get an idea of its working from 
Fig. ao6, which shows a simple diagram of a differential. The 
shaft G from the gear box turns the differential case A, A, to 
which it is geared. The stub axle S thus turns at right- angles 
to the plane of the paper. On it are two bevel gears E, E free 
to rotate. Clearly these move with the stub axle and drive the 
side bevels C, C, which drive the wheels. Now on a straight 
road the bevels E, E would not rotate m the stub axle and the 
side bevels C, C would move at the same speed, and the wheels 
would also move equally fast. But now let us suppose one wheel 
is slowed or stopped. The side gear C, the left, let os suppose, 
will slow or stop, consequently the bevel gears E, B will toll on 
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Fig. 2 o 6. — The difierential j^ear of a motor-car, looked at from above, 

it (like a pinion on a tack), but they still drive the right side 
bevel (C), which continues to move at twice its former speed, 
the speed of the smb axle plus that of the rolling bevel gear. 
Thus the two wheels are botib driven independently and one can 
slow or stop without stopping the other. If they both stop E 
must stop too; it cannot roll on both at once, for to do so it 
would have to turn clockwise and anti-clockwise at once. 

For heavy road transport two main types of motive power arc 
in use — electricity and oil. Vehicles which use electricity are 
trolley ’buses, tramcars and battery-operated vehicles. The first 
two types are used for carrying passengers, whereas the battery- 
operated vehicle is normally used for the kind of transport in 
which frequent stops and starts are required, for example, milk- 
delivery and refuse-collecting. 

Electrically powered vehicles have several great merits. They 
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use a home-produced fuel — the coal which is burned in the power 
station. They accelerate smoothly and rapidly and climb well; 
moreover they produce no fumes, , a considerable advantage in 
towns. A typical trolley ’bus chassis is illustrated in Fig. 207. 



Pig. 207. — The chassis of a trolley ’bus, indicating the very compact 
chatacter of the power unit. 


Oil-engines are used for all types of omnibuses and long- 
distance coaches and also for vehicles transporting heavy loads. 
A typical oil engine for use in road vehicles is the A.E.C. engine 
illustrated in Plate XIL Its advantage is its cheap fuel. 

For goods vehicles to carry less than about 3 tons, however, 
the petrol engine is used, mainly on account of its lightness, 
speed and smooth running. 

When large crowds have to be moved and an intense service is 
required the tramcar is the most suitable vehicle and can provide 
an economical high-speed service of great capacity which cannot 
be equalled by any other form of modern transport. It does, 
however, cause much obstruction where traffic is*heavy. 

If a less intense service is required or if the streets are congested 
or hilly, the trolley ’bus, which only requires a pair of overhead 
wires for its power collection, has the advantage of mobility and 
high acceleration and can transport large numbers of passengers. 

A service of oil-engined vehicles costs far less to instal since 
it requires no rails or overhead supply wire; it is therefore best 
suited for sparsely-populated roads with few stops. 

Great as are the advantages of the trolley ^bus, its value must 
be limited to ’bus-work. Long distance ’buses and lorries must 
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carry their own source of power. The usual recourse is to the 
petrol-engine. This has great advantages: petrol can be bought 
anywhere and every garage mechanic understands the engine. 
But where heavy loads have to be carried long distances, some- 
thing cheaper is wanted. Fuel oil, even though cheaper than 
petrol, has more power in it. Consequently the heavy oil-engine 
is coming to the fore. The original Diesel type of engine is too 
heavy for lorries, but many firms are now making engines of 50 
to 150 h.p., which, like die Diesel, inject liquid fuel into hot 
highly compressed air, but which are much lighter. The A. E. €♦ 
engine illustrated in Plate Xll is of this type. 

AIR TRANSPORT 

The chief means of air transport is the aeroplane Success in 
this invention first came to the Wright brothers in the U.S.A., 
but many of the early improvements in the aeroplane were made in 
France, which accoimts for the use of French words to describe 
some of the parts of the modern aeroplane. T!hm^ fuselage means 
a framework, aileron means a wing-tip, and nacelle means a small 
boat. Some of the technical terms used in describing the parts 
of aeroplanes are indicated in the diagram (Fig. 208). 



Fkc. 208 



Pome^ and Locomotion 


557 

The essential features of an aeroplane are the wings, which 
provide the lift, and the engine, or power unit, which moves the 
wings through the air. It is convenient to enclose the crew and 
any goods that are carried in a fuselage, but an aeroplane will fly 
without one. The Wright brothers had no fuselage. A craft 
which is heavier than air and which can yet remain at a constant 
height without falling must have some force acting on it to keep 
it up. If any object is moved rapidly through air, a force is felt. 
Hold a magaaine out of the window of a moving railway carriage 
and you will fee] that the air exerts a very decided force on the 
magazine. This force varies roughly as the square of the speed. 
Thus, it is four times as great at forty miles an hour and nine 
times as great at sixty miles an hour as it is at twenty miles an 
hour. The aeroplane is lifted by the pressure of the air on an 
oblique surface. 

Suppose you hold the magazine at an angle of 1 5 degrees to the 
ground. The air now strikes the bottom of it and you can feel 
that the air is pushing it up as well as back. If you were to let go 
of the magazine, it would be blown away in the direction F, and 
so we can say that the force of the air stream acts on it in the 
direction of the sloping arrow F (Fig. 208 {a)). Now this force 
has just the same effect as two smaller forces perpendicular to 
each other, which we call lift and drag, 

A stream ot air can be made visible by introducing 
smoke into it from slits or holes. It is found that so long 
as the lines of flow are smooth and contijiuous, a body 
in the air stream offers a 
comparatively small resist- 
ance, but that if the air stream 
breaks up into eddies, like 
small whirlpools, the resistance 
is very much greater. (Plate 
XVII.) If the body is so 
shaped as to produce as few 
of such eddies as possible it 
is said to be streamlined. 
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This is done by using smooth curved surfeces, avoiding sharp 
projections and angles. 

The wings of an aeroplane are streamlined bodies. They are 
box-like structures of great strength with the upper and lower 
surfeccs curved or cambered. Flat planes are not used. The 
distance between the front and back edges of the wing, called its 
leading and trailing edges, is its chord. The distance from wing tip to 
wing tip is the span. The angle between the chord line and the 
air stream, that is to say, the tilt of the wing, can be varied in 
flying. It is called the angle of incidence or angle of attack and is con- 
trolled by the pilot. Plate XVII shows a section of the wing of an 
aeroplane, with the airstream flowing past. When the angle of 
incidence is small, say 4or 5 degrees, the flow of air over the wing 
is streamline flow, the lift is large and the drag is small. If the 
angle of incidence is increased, the lift increases too up to an 
angle of incidence of about 1 5 degrees, but the drag also increases 
and the streamlines begin to break away from the upper surface of 
the wing with the formation of eddies. When this happens the 
wing is said to be stalled. The lift decreases but the drag becomes 
greater. If the wings of an aeroplane are stalled the lift is insuffi- 



Flow of air over upper surface of wing is 
smooth at small angles of attack 



When the angle of ottack is I 5 *or more the streamlines 
break away from the upper surface of the wing. 
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dent to support the weight of the machine, which begins to fall 
out of the pilot’s control. The difference in the airflow over a 
wing giving high lift and over a stalled wing is shown in the 
diagram (Fig. 208 {b ) ). 

The wings will only provide a lifting force when they arc 
moved through the air. For this purpose die engine is required to 
produce a propelling force, the special name for which is thrust. 
When the aeroplane is travelling straight and level at uniform 
Speed the thrust must be exactly equal to the drag. Also the lift 
must exaedy counterbalance the weight of the aeroplane, if the 
height of the aeroplane above the ground Is tsO remain unchanged. 
These four forces acting on an aeroplane in steady flight are 
shown in the diagram (Fig. 209). 

Such an arrangement 
of balanced forces would 
be very easily upset by, 
say, a gust of wind, unless 
precautions were taken 
to correct small accidental 
disturbances. Also the 
pilot must be able to 
apply such forces as arc 
required for steering or manoeuvre. To understand how this 
is done it must be noticed that the aeroplane in flight can not 
only turn to one side like a motor car, but can also roll over 
to one side, or bank^ and can tilt its nose upwards or downwards, 
a kind of motion called pitching. A motor car cannot bank or 
pitch much because it runs on four wheels, although for the sake 
of comfort a small amount of movement of this kind is allowed 
by the springs. 

There are two kinds of motion: (i) movement along a straight 
line, and (2) rotation. All the complicated movements of men and 
machines can be resolved into these two. It is the various rota- 
tions that an aeroplane can undergo that are of interest to us here. 
Rotations are usually said to be about a straight line, or axis, and 
three imaginary lines which cross one another at the centre of 
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gravity of the aeroplane are selected as its axes of rotation. 
They are shown in the figure (Fig. 209 {a ) ), and are called the 
longitudinal axis, the lateral axis, and the normal or vertical axis. 



The centre of gravity is the point at which tne whole weight of 
the aeroplane may be assumed to act. If a body is suspended from 
its centre of gravity it will hang in any position. If a force acts on a 
body, but the line of action of the force is not through the centre 
of gravity, it will tend to make the body rotate. This turning 
force, called a moment^ is measured by multiplying the force by 
the perpendicular distance between the centre of gravity and the 
line of action of the force. It is most important to have some 
notion of what is meant by centre of gravity and by the moment 
of a force, if the behaviour of aeroplanes in flight is to be properly 
understood. 

Rotation about the lateral axis is called pitching. It is controlled 
by the elevators, which are the hinged surfrees at the back of the 
tail plane. They are connected to the pilot’s control column, or 
sticky in such a way as to cause the aeroplane to put its nose down 
when the stick is pushed forward. 
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Rotadon about the longitudinal axis is called rollitti, ot ^tktng. 
It is controlled by the aUerons, which ate the hinged su^ces at 
the back of the wing tips. They too are connected to 
When the pilot wishes to lower the left, or port wing, he moves 

the stick over to the left. (Fig. 209 ). 

Rotation about the vertical axis is calledjajw/ij. It is controUed 
bv the rudder, which is the hinged surfece attached to the back 
of the fin. The rudder is connected to tte rudder bar, wkch is 
worked by the feet. It is so arranged that pushing the left toot 
forward causes a yaw to port. 



It is necessary to point out the pccuhar nature of the rudder of 
an aeroplane. The rudder of a ship is its only ointrol for steering 
purposes, but the rudder of a modern aeroplane is not used m 
Kng. This is done by banking the aeroplane ^ keepmg Je 
nose on the horizon by the use of the elevator. The "ddet is a 
secondary control and is used in taxying, m correctmg a skid or 
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sideslip, in getting out of a spin, and in certain manoeuvres other 
than turning. Ordinary flying can be done with the feet off the 
rudder bar. 

Modern aeroplanes are made to possess a certain measure of 
stability, that is to say, if a gust of wind, or any other cause, 
produces a small rotation of any kind, the aeroplane will return 
of its own accord to its original attitude in the air. By attitude 
is meant the disposition of the aeroplane in relation to the 
horizontal. Thus, an aeroplane may be flying level with its nose 
down, or with its tail down, or with one wing down. These are 
attitudes and can easily be recognised by anyone who is interested 
in watching aeroplanes in flight. The more stable an aeroplane is, 
the more difficult it will be, and the longer it will take, to make it 
execute a manoeuvre such as a turn. Transport aeroplanes, which 
arc not required to manoeuvre quickly, are therefore made to 
have a high degree of stability, but racing aeroplanes and fighters 
are less stable, and so can turn quickly. 

There is a number of other controlling devices fitted to modern 
aeroplanes. A narrow bar of aerofoil section fitted to the outer 
part of the leading edge of the wings is called a slat^ and when 
arranged so that there is a space or slot between it and the edge 
of the wing it makes the aeroplane more controllable at low 
speeds. This may be usctul for landing. That part of the rear or 
trailing edge of the wings where there is no aileron is often fitted 
with a hinged surface called a flap. When lowered this flap 
increases the drag and so slows the aeroplane, but it also increases 
lift. Flaps are used for landing heavy aeroplanes. There arc 
several kinds of these flaps. There are also often to be seen small 
hinged surfaces fitted to ailerons, elevators and rudders, called 
tabs. These may be used to correct the attitude of an aeroplane 
in flight (trimming tabs) or to assist the pilot to move the control 
surfaces (balance tabs). 

When a rifle is fired a small bullet is ejected at high speed 
towards the target and at the same time the rifle is itself forced 
backwards against the shoulder of the rifleman. A rifle or gun is 
said to recoil when it is fired. Newton long ago stated the 
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ptindple of which these actions are examples. To mry action 
there is a reaction which is equal in amount and opposite in direction 
(sec Rockets, p. 670). A force cannot act on one body alone, but 
always on two bodies in opposite directions. The thrust or force 
generated by the rotating airscrew of an aeroplane must therefore 
be accompanied by another force in the opposite direction. If 
the thrust is regarded as the action which moves the aeroplane 
forwards, the reaction must be looked for in the mass of air which 
is thrown back by the airscrew. This moving mass of air is called 
the slipstream y and will have made its presence felt by anyone who 
has stood behind the engine of an aeroplane which is being run 
up upon the ground. In order that an aeroplane may move 
though the air it is necessary to have some device for throwing 
back a large mass of air. Two such arrangements have been used 
with success: (i) the internal combustion-engine fitted with an 
airscrew, and (2) the jet-engine. 

The essential features of an internal combustion engine 
(I.C.E.) for use in aircraft are lightness and reliability. Piston 
engines have been developed to a high pitch of efficiency and 
can be made to produce anything from a few tens up to a few 
thousands of horse-power. The larger engines may give more 
than one horse-power for each pound of engine weight. They 
may be made to work by burning a mixture of petrol vapour and 
air, which has to be ignited by a spark, or by burning a spray of 
heavy oil mixed with air, wliich is ignited by the heat generated 
when the mixture is compressed (the Diesel-engine). It is the 
expansion of the heated air in the cylinder that drives the piston 
down. A single cylinder may be made to give nearly 150 horse-, 
power, but this seems to be about the useful limit at present. 
These powerful engines run at about 2,000 revolutions per 
minute, which is too fast for the efficient working of an airscrew; 
gearing is therefore introduced to bring the airscrew speed down 
to about one half of the engine speed. Gas turbine engines 
driving an airscrew have yet to be perfected. 

There are two ways in which the cylinders of an aircraft engine 
are arranged: (i) in line, and (2) radially. 
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In-line engines are frequently liquid cooled. They arc compact 
and can be made to have a relatively small frontal area, thus 
reducing drag. Several different designs have been used with 
success, the cylinders being arranged in rows with a common 
crankshaft, or perhaps with two crankshafts geared together, for 
up to twenty-four cylinders may be employed. Thus the Merlin 
engine used by the R.A.F. has twelve cylinders in two rows of six 
forming a V with a crankshaft common to both rows (Fig. 210), 
but the Sabre engine has four rows of six cylinders. These are 
arranged in the form of an H, with two crankshafts which are 
geared together. (Fig. 210.) 



6 Cylinder in Line 




Fig. 210. 


PLATE XVII 



St‘Cti(in sh(j\ving {a) strcamliiu* flow, {!>) turbulent How past an aeroplane wing. 



Oe Ilavilland Comet jet-engined passenger air-liner. An example of streamline form. 
(Bv courtesy of the Dc Havilland Aircraft Co. Ltd. 





PLATE XVIII 



Water-waves, as seen in the tidal wave or eagre in the Trent. 

(By courtesy of The Illustrated London Nem and the London Rlectrotype 
Agency.) 
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Radial engines are almost always air-cooled nowadays and have 
their cylinders arranged like the spokes of a wheel. Seven or 
nine cylinders are used as a rule, but there may be two rows of 
cylinders, one behind the other on the same shaft, making the 
toal number 14 or 18. These air-cooled radial engines are 
relatively easy to maintain and have been used in air liners for 
many years. (Fig. 210 (^).) 

The power of a piston 
engine is converted into 
thrust by means of an air- 
screw. This may have two, 
three, four, or more blades, 
which are of cambered 
section like an aeroplane 
wing. The angle of attack 
of the blade is less at the tip than it is at the root, for the 
tip is moving faster than the root. Just as it is necessary 



to start a motor car in low gear and to change up when the 
car is going faster, so some kind of gear change is desirable 
for an aeroplane engine. To serve this purpose a modern air- 
screw may have a variable blade setting, or pitch. This is done by 
rotating the blade at its root in the boss to which it is fixed. Fine 
pitch corresponds to low gear and is used for take-olf. Coarse 
pitch corresponds to high gear and is used for level flight. The 
most efficient arrangement is that in which the engine speed is 
kept constant and the pitch of the airscrew is adjusted accordingly. 
Some airscrews can be fully feathered^ that is, turned with the blade 
edge towards the direction of flight. This is useful if one engine 
of a multi-engined aircraft stops firing; drag is reduced to a 
minimum and windmilling, or driving the airscrew by the motion 
of the aeroplane and therefore turning the engine over, is 
prevented. 


The jet-engine requires a large intake of air for the combustion 
of the fuel oil. It is therefore quite distinct in principle from a 
rocket, which requires no air and will work in empty space. The 
kind of jet-engine which has been developed in this country 
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includes a gas turbine to drive a high speed fan. The fan, or 
impeller, is used to force a large amount of air into the 
combustion chamber. Here it is mixed with the fuel and the 
mixture is ignited. The heat developed causes a great expansion 
of the air, which, being unable to escape forwards through the 
impeller fan, leaves the opening at the rear end of the engine in a 
jet moving at a high speed. On its way from the combustion 
chamber to the open air, the hot air passes over or through the 
blades of a turbine, thus providing the very high speed necessary 
for the impeller fan. The reaction of the jet of hot air as it leaves 
the engine drives the aeroplane forward at a speed whose limit 
has not yet been determined. It appears that speeds fester than 
sound will be attained if the airframe can be made strong enough. 
See Fig. 210 (^). 



There are many other interesting features possessed by modern 
aeroplanes. The landing gear or undercarriage offers high drag 
and cannot be satisfectorily streamlined. In fest aeroplanes it is 
therefore folded up and retracted^ usually by hydraulic means. 
Two arrangements of landing wheels have found favour with 
designers. The commonest is to employ a pair of landing wheels 
slightly in front of the centre of gravity and a small wheel under 
the tail. In landing the aeroplane it is intended that all three 
wheels should touch the ground at the same time and the tail has 
to be brought down at the correct moment. The pair of rnakn 
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wheels ate fitted with brakes which can be applied indepen- 
dently. They ate worked by compressed air and are controlled 
by pedals on the rudder bar. Steering the aeroplane while 
taxying can be done by applying the brake to one wheel at a time. 

The other arrangement of knding wheels employs a pair of 
main wheels slightly behind the centre of gravity and a third 
smaller wheel in front, mounted as a castor. The aeroplane is 
thus in the flying position when it is on die ground, and a 
diflerent method of landing it is necessary. 

Most of what has been said above refers to modem heavy 
aeroplanes, such as air liners. There are also light aeroplanes 
whi^ are very much simpler and may weigh only about one ton. 
Air liners may weigh twenty tons or mote. 



PART in 


WAVES 


CHAPTER XII 
Vibration 

WHAT IS A WAVE? 

E veryone knows that sound, light and “radio” are waves, 
but most of us have no clear idea of what this means beyond 
a notion that the results which sound, light or radio produces 
arrive at their destinations as a series of pulses. The word 
“wave” is of course taken from a wave of the sea and the waves 
on the surface of water are the only kind that the ordinary man 
can picture clearly. 

You are standing on the pier on a fairly calm day. Long ridges 
of water arc seen to be travelling at a few miles an hour towards 
the shore. All these ridges have roughly the same shape and size 
and speed. 

The eye gets the impression that the water is travelling towards 
the shore, but in actual fact it is not. In the first place, if the 



Pic. at i.— The rope movea only op and down: the wave* travel to the left. 
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water was all going inshore, it would pile itcelf up there into a 
sort of permanent wave, and nothing of the kind is seen. 

More convincingly, watch a floating cork. It lifts on the wave 
and falls on the trough, but the waves do not carry it along; we 
therefore conclude that the waves move inshore, but the water 
merely bobs up and down. If this is diflicult to picture, look at 
Fig. 21 1: a boy is pulling on a rope and pulling the end up and 
down. Waves can easily be seen travelling along the rope, which 
itself only moves up and down. 

A single wave of the sea is, then, a distortion of the shape of 
its surface, a distortion which moves without losing its charac- 
teristic shape and without taking the water with it. 

The drawing in Fig. 212 may give an idea of how a travelling 
wave could be generated by particles 
of water moving straight up and 
down. In Fig. 212 each letter is 
supposed to be travelling up to the 
top, then down to the bottom, 
without shifting to right or left. As 
long as they all move in this same 
way, a wave will be formed travelling 
from right to left. 

If the particles went up and 
down at a steadj speed, the wave 
would have the form of a saw 
(Fig. 213, I), but in actual fact 
they always slow up towards the 
end of their travel and the com- 
monest wave form is a sint-curvt, 
which is the form of wave shown in 

Fig. 213, n. 

If the particles move in circles of 
the same size at the same speed, a 
moving wave of the sine -curve f,o. 21*.— Each letter tiaveb 

WiU KSUlt ffig. ..4): gs 

waves are the result or a motion or waves tfiveUing to the 1^/t. 
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Fig. 21}.— I, waves engendered by particles moving up and down ak a 


diis kind. ^ It is reasonable to 
expect, then, that any sort of 
regularly repeated modon of 
regularly spaced parddes wiU 
produce a wave. 

Three terms are much in 
use when discussing waves 
of aU kinds: they are wave- 
length, frequency and ampli- 
tude. 

It is not possible to talk 
much about waves, whether 
of water, air or energy, with- 
out these terms. Plate XVIII 
illustrates wavelength. In a 
water wave, it is the distance 
from crest to crest; since light 
and sound waves have no real 
crests and troughs, the wave- 
length is the distance between 
the nearest places in which 
the wave is in exacdy the 
same state. 

Thus, in Hg. ziz the distance from A to K or from C to M 
is the wavelength. In Fig. 215, U the distance A B is the wave- 
length. The frequency is the number of crests passing a point 

^ Actually the partidet which make up water waves move in ellipses, not dicles. 


steady speed. U, A sine-curve. 
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Pio. 214. — Each letter travels dockwise 
round the cirde. Their positions form 
smooth **8ine*wave8** travelling to the 
left. 
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in a giveu dme, usually a second. It is also die number of times 
a vibrating particle can go through its complete cycle of move- 
ments in a given period. In Fig. ai 2 it is easy to see that the time 
for A to get from the top to the bottom and back to the top again 
is the time taken between the departure of a crest from the spot 
where A is and the arrival of the next crest at that spot. In Plate 
XVIII you cannot see the particles, but you could coimt the 
waves that pass you in a given time. Suppose the waves were 
travelling at six miles an hour and their crests were eleven 

feet apart. There would be or 2880 crests per six miles, 

II 

so 2880 would pass in an hour. 

The frequency of a wave is, then, the speed divided by the 

wavelength. In this case it is 2880 per hout or 0.8 per second. 

The amplitude of a wave is, in the case of a waterwave, half 

the height from trough to crest. In Fig. 212 (top line) it is half 

the vertical distance from the level of A to Ae level of F. In 

Fig. 214 it is the radius of the circle; in Fig. 215 it is half the 

height from the top of the crest to the bottom of the trough. 

In the case of a sound or light wave, there is no real trough and 

crest of which to measure the height, and the amplimde is the 

difference of energy between trough and crest. This is true of the 

water wave: at its crest it has the extra potential energy of the 

tons of water which raise it above its trough. 

Water waves are pretty complicated as a rule. It is only in 

small tipples that the water particles move in neat ellipses. The 

waves in a storm at sea 

may be seventy feet high 

and travel at forty or 

miles an hour. These great 

waves are coveted with »»J.— How sets of waves may be 

... . superposed on ooe another. 

smallcf waves, which again 

have smaller ripples on their surfaces. Waves with smaller waves 
on top of them are very common, in fact, universal in sound. 
We call the big wave the fundamental note, and the little waves 
overtones. 
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The breaking of a wave occurs when shallow water is reached. 
The wave uso^y breaks when the water in the trough behind it 
is only as deep as the wave is high. The cause of breaking is 
that the sand slows down the particles at the bottom of their 
course so that the top of the wave which is unhindered outruns 
the bottom. Out at sea the wind is usually travelling much faster 
than the waves and speeds up their tops, so that they over- 
run the main waves, and form tiie “white horses” seen in windy 
weather. 

Water waves are the easiest to picture, but actually they are 
quite difficult to calculate anything about because several different 
effects (surface-tension, weights of water, depth of water) are 
concerned. Accordingly, we will say at present very little 
about how they are made or how they behave, but because 
they are so easy to picture we will use them to illustrate the 
much more important waves of sound, radiant heat, light, etc. 


VIBRATORS 


A sound wave is usually started by a vibrating body, and before 
sound can be understood we must know what is meant by 
vibrations. The vibrations which cause sound go through their 
motions 20-20,000 times a second. These are too fast for the eye 
to follow, so we will look at a few of the more interesting and 
simple vibrating systems. 

A very simple vibrator is an ordinary pendulum. Hang a 
5 lb. weight on a yard-long string which is tied to something 
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firm — a stick supported on 
two chairs, or the curtain 
rod will do very well. Pull 
the weight away from the 
centre. In doing this, you 
have raised it. Let go of it, 
and of course it will fall. 
But it can only fall to 
where it was before and 


Fio. ttS.— A timple pendulum. Only way it can do 
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that is by swinging back towards the centre. WeU, it has &llen 
to the centre now: what has happened to the potential energy 
you gave it when you lifted it? It has all been turned into energy 
of motion (except the tiny bit used to overcome the resistance 
of the air). But there is nothing to stop the weight at the centre, 
so it goes on until all its energy of motion has been used up in 
lifting the weight. If the pendulum were absolutely frictionless 
and in a vacuum, no energy would be lost and the weight would 
would go up just as fat on the left as it did on the right, and the 
whole process would continue for ever. This is the simplest sort 
of vibration. 

At the extremes of the swing the thing that vibrates has 
potential energy and no kinetic energy (it is still); at the middle 
of its swing it has kinetic energy and (within the limits of move- 
ment of the particle) no potential energy. Tlus is not only true 
of pendulums but also of springs and many other vibrators. 
Tie a bit of elastic (raid a workbox for it) to die curtain rod. A 
yard of narrow elastic will do excellendy. Hang a half-pound 
weight on it, pull the weight down (Fig. 217) and let it spring 
back. The weight vibrates up and down. In this case the potential 
energy of the stretched elasdc (A) becomes the kinetic energy of 
the moving weight (B), and as this travels on it 
loses speed under the influence of gravity until it 
stops at (C), where it has no kinetic energy, but ' ’ 
instead the potential energy due to its height. It 
starts to fall, speeds up and is drawn to a stop in the 
original (A) position by the elastic force of the . 
rubber. This would repeat itself ai infinitum were 
it not that the stretching and unstretching of the ^ g 
rubber turns energy into heat: the resistance of A 
the ait also has its effect. This idea of a vibration ® ^ 

being the change of potential energy to kinetic and a u 

back to potential again and so forth is very important 
and can be applied to every sort of vibration. Think barions of • 

how it applies to a seesaw, to a violin string, to a weight huM 
baU allowed to tun down the side of a basin. 



j68 Tie World of Seieneo 

The frequency of a vibration, the number of times it repeats 
itself a .‘econd, is a thing which in some cases is easily calculated. 
The formula which applies to many cases is: Time of a 
vibration ■= times the square root of the mass (weight) of 
the vibrating particle divided by the force pet unit distance 
pulling the particle back to the centre. 

This sounds a little complicated, but the important part is: 
tie heavier tie thing vibrating, the slower it goes', the grater the pull 
towards the centre the faster it goes. 

You can try that with your hanging elastic. A heavy weight 
boimces up and down slower than a light one: broad elastic 
makes the same weight bounce quicker than narrow elastic. And 
the pendulum? Will a heavy bob make it move slower than a 
light one? Tty it. You will find it makes no difference at all 1 

The reason is that the extra mass which slows down the vibra- 
tion also operates as an extra weight increasing the force pulling 
the bob back to the centre again, and the two effects exactly cancel 
out. The only thing which influences the time a pendulum takes 
over its swing is its length. If a pendulum is longer, the bob 
goes on a less steep path and so speeds up less quickly. 

The rule for a pendulum is that the time jn second for the 
bob to swing from left to right and back to the left again is 
times the square root of the length in feet divided by the number 
of feet per second by which the speed of a &Uing body increases 
each second. Why does this come into it? Well, it is gravity 
that pulls the pendulum bob back to the centre, so the stronger 
the force of gravity, the quicker a pendulum vibrates. Timing 
a pendulum is the best way of seeing how the force of gravity 
varies from place to place. 

The above rule is not quite true, but if die pendulum only 
swings through a few degrees, it is extremely neat to the truth. 

The pendulum you made will do very well to test the rule. 
Time thirty swings. You may find they will take twenty-eight 
seconds. Now shorten the pendulum to a quarter of its length 
(measured from the support to the middle of the weight). Time 
thirty svdngs. They wUl take half the time — ^fourteen seconds. 
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Thus, if the length is reduced to one quarter, the time is reduced 
to the square root of one quarter — a half. 


CLOCKS 

Since a pendulum’s time of swing depends only on its length 
and the force of gravity, the pendulum has been used for Z75 
years to make clocks keep time. There is no difficulty in making 
a clock keep time with a pendulum. Why is k, then, that a clock, 
though once perfectly regulated, never keeps perfect time, but 
sometimes runs fast, sometimes slow? Thm are three chief 
reasons. First of all, the pendulum rod esqMuids and contracts. 
Suppose the rod was of steel and the pendtilum beat perfect 
seconds when the thermometer stood at 1 5® C On a hot summer 
day with the thermometer at 50® C. it would be i. 0001 5 times 
longer. So the time of swing would be \/i.oooi5 =51.000075 times 
longer. Now, there are roughly 90,000 seconds in a day. Our 
clock would take 90,006^ seconds to do 90,000 swings, so it 
would be running 6 J seconds a day slow. 

The second trouble is that the time of swing of a pendulum is 
not quite independent of the amplitude or width of swing. As the 
clock gets dirty, friction increases, the restoring push on the 
pendulum gets feebler, and the time of swing a little shorter — so 
the clock runs fast. Also a newly wound clock pushes its pen- 
dulum rather harder than does a clock nearly run down, so 
making the swing variable. Finally, the resistance^ of the air 
depends on the height of the barometer. When pressure is low 
the pendulum is slowed up less, and so swings in a wider arc. 

For astronomical clocks, meant to keep time to a second a 
year, the most elaborate precautions are needed of which some- 
thing is said on p. 572. 

One has not gone very far before the question arises as to the 
"'standard” of time. All scientific measurements depend only on 
the second^ the gram and the centimetre. If we have these units 
fixed, every other unit can be calculated from them. Thus, the 
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unit offeree is the force that in one second will increase the speed 
oi one gram of matter one centimetre per second. The same is true of 
units of power, pressure, voltage, resistance, anything you like— 
they can all be expressed in terms of length, mass and time. 

The standard gram is a piece of platinum kept in Paris, the 
standard metre is another piece kept there also, but what is the 
standard second? 

The calendar unit of time is the day, the time in which the 
earth completes a rotation, and there are 86,400 seconds in a day. 
This should define what a second is: but the earth is probably not 
a perfectly constant clock. It is probably running slower and 
slower as the centuries go on, and it does not even keep perfect 
time, for it seems likely that one rotation may 



Pio. 218. — how the 
pendulum ftgulates 
• dock. 


differ from another by as much as u^^^th 
second. The present definition of a second is 
of the time between successive re- 
turns of the ‘^first point in Aries^* to the 
meridian. To explain this explanation would 
require several pages, but the effect of it is 
that a second is of the time of a 

rotation of the ea^ relative to the stars. 

HOW A CLOCK WORKS 

The pendulum of a clock is usually hung 
on a very thin ribbon of spring steel (R). 
As it swings back and forward, it bears 
against two pins P and P^. The crutch 
(shaded in Fig. 218) which is pivoted at the 
top therefore swings backwards and for- 
wards with the pendulum. The crutch 
carries two pallets, T, T', which engage 
with the teeth of a ratchet wheel W. This 
wheel is geared to the train of wheels by 
which the weights drive the hands. The bands 
cannot mm unless tberatebet wheel mms too. In 
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Fig. 218 the pendulum is not quite yet at the left hand end of its 
swing. The pallet T has just released the tooth a\ the drive of the 
clock makes the wheel fly on until the tooth b strikes against the pal- 
let T'. The pendulum finishes its stroke and so pushes b back a little 
in an anti-clockwise direction. This can often be seen in old clocks: 
in these the second hands visibly recoil at the end of each 
pendulum swing. The pendulum now starts back to the right. 
The tooth b as it goes back to the position from which it recoiled 
gives the pendulum a push and it is this push which provides 
the power that keeps it swinging. The pendulum now travels 
over to the right and just as tooth b has almost escaped from 
pallet T', pallet T comes in and engages tooth C. This will not 
be released again till the pendulum gets back to the left hand 
end of its swing. It is clear now that the escapement wheel 
can move only one tooth for each double journey of the pendulum. 
If the pendulum is regulated, as is usual, so that the double 
swing takes one second, the escapement wheel, which has 60 
teeth, will get round once in a minute. (Fig. 218 shows only 30 
teeth — for simplicity.) In this case, the escapement wheel may 
be attached directly to the second hand, the other gears being 
arranged so that the minute hand goes sixty times more slowly, 
and the hour hand twelve times slower still. 

Fig. 219 gives a good idea of how the escapement is driven. 
The weight pulls the going-barrel B round. This has attached 
to it the great wheel C which drives the centre pinion P, which 
carries the minute hand. This turns once an hour.^d works a 
train of wheels, M, N, n, Y, which drive the hour hand round 
once in twelve hours. The wheels d, D, e, driven by the pinion 
P, have the right number of cogs to ensure that P turns 60 times 
slower than the escapement wheel W. The pendulum makes 
the escapement wheel turn just once a minute: the pinion and 
the minute hand must then turn just once in 60 minutes, and the 
hour hand just once in twelve hours! 

There are many other (and better) escapements but this one 
can be seen working very well in most grandfather clocks. A few 
minutes’ inspection is worth an hour’s reading in these matters. 
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The best clocks made 
are the clocks at Green- 
wich Observatory. 
These are rather beyond 
the power of this work 
to describe, but roughly 
speaking, they have a 
“ master ’’ pendulum 
which drives nothing and 
swings freely in a 
vacuum. It is compen- 
sated for temperature, 
and kept in a cellar at 
an even temperature. 

This pendulum is kept 
going by a little push 
from a falling weight 
automatically released 
every half minute. The 
contact of the weight 
with the master pendu- 
lum makes an electrical 
signal travel to a second 
“slave’’ clock which 
these signals regialate. 

Recently an entirely 
new kind of vibration 
has been used to control 
clocks. A quartz crystal 
when it is compressed 
produces elearicity; so by keeping a quartz crystal in vibration a 
very regular set of electrical impulses can be kept going. These can 
be amplified as in a wireless set, and made to drive an electric clock. 

Still more recently, the vibrations of the ammonia molecule 
have been used. Quartz might alter with long vibration. Atoms 
and molecules are believed to be unalterable, and their motions 
should therefore be perfect time-keepers. 



Fig. 219. — Movement of a giand&thei dock 
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Sound Waves 


COMPRESSION WAVES 



A nything which moves in air distucbs the air. It pushes 
the air in front of it and since the air cannot instantly get out 
of its way, a layer of compressed air i s 
formed in front of the moving object 
and of rarefied ait behind it. llic 
faster the thing moves, the more 
compressed or rarefied these layers 
will be. 

A compressed layer of gas like 
this, without anything to keep it 
compressed, might reasonably be 
eiqjeaed to expand again to normal. 

But as it expands, the molecules fiy 
forward, and (like the pendulum at 
the bottom of its stroke), they do 
not stop when the gas has reached 
its normal state. The molecules fly on 
and drive before them a new lot of gas 
which is thus compressed and in turn 
once more expands. Thus a layer of 
compressed gas travels outwards. Any 
actual molecule does not move more fig. zzi. 
than a very short distance, but the 
compressed layer moves at about a 
thousand feet a second. This is 
just like our sea-wave, the water 


Raiefied G)inptessed 
air. air. 

Fig, 220. — How a moving 
object makes a compression 
wave. 
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■A moving com 
pressioQ wave in a gis, A 
rarefied space behind wave. 
B Compressed moleculei 
moving back. C Compressed 
molecules travelling forward 
and compressing fresh gas D. 
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of which only bobs up and down while the ridge travels on at 
ten to fifty miles an hour. 

An intense sound wave can even be photographed. Plate XVIIl 
shows very admirably how such a wave travels and is reflected. 
The photograph of a bullet (Plate VI) also shows a sound wave, 

VELOCITY OF SOUND 

The speed at which such a pulse of compression travels can be 
calculated. It depends on the force necessary to compress the gas 
and the inertia of the molecules — the ease or difficulty of setting 
them moving — which depends on their weight. If all the force 
went to speeding up the wave and none to permanently speeding 
up the molecules concerned, a pulse of this kind would travel at 
the rate of 3 3 1 . 5 metres a second in air at o® C, with the barometer 
normal. Actual experiments show that the sound travels through 
air with almost exactly this speed, 331.41 metres per second or 
nearly 700 miles per hour. The speed varies somewhat according 
to the temperature of the air, which affects its compressibility, 
and the amount of water vapour in it, which affects its weight. 

It is possible to time sound for oneself though the results are 
not likely to be accurate because the times are very short. Every- 
one has seen the ball leave the bat well before he hears the soimd 
of wood on leather, but the interval is not usually as much as a 
fifth of a second. The most hopeful case, is, when watching 
blasting or gunfire. The light travels a distance of, say, 5 miles 
in an immeasurably short time, but the sound will take about 25 
seconds, which a stop-watch will time with an accuracy of about 
1%. 

This degree of accuracy is by no means good enough for scien- 
tific purposes. Two microphones several niiles apart are employed 
in accurate work. The sound signal — say from a gun — generates a 
tiny current in each microphone as it passes and these currents 
pass round two separate primary coils. These have a single 
secondary coil surrounding them and are connected to a very 
sensitive galvanometer. 
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Each time either telephone receives a sound, and so makes the 
current dicker, the changing current induces a current in the 
secondary coil and the spot of light reflected from the galvano- 
meter is deflected across the surface of a piece of travelling 
photographic paper, which also receives time signals from a 
standard tuning fork. The distance between the two deflections 
shows the time the sound has taken to travel the distance between 
the two microphones. 



Fto. 222. — ^The principle of the measurement of the velocity of sound. 

An important use of sound in war-time is for detbrmining the 
position of a gun. A gun can be hidden, but it cannot be silenced. 
It is not possible as a rule to time the flash and noise, as a ship does 
to get its distance from a lighthouse (p. 594). One method is to 
have three or more microphones, say, half a mile apart (Fig. 223). 
The currents from these are brought to a central station where 
they operate three galvanometers, each of which throws a spot of 
light on a film on which a vibrating tuning-fork also throws a 
wavy trace. A gun fires. The microphones each receive the pulse 
at diffe r ent dmes and send a current to the three galvanometers 
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which each deflea their spot of light. By measuring the number 
of tuning-fork vibrations between each deflection, we find, say, 
that the microphone B received the sound first while microphone 
A got it //^th second later, and microphone C §th seconds 
later than A. 

So when B got the sound, A^s sound was still /^^tb 
seconds away, that is 1 14.4 yards away. Sijcnilarly, at that moment 
the sound was ^f^th seconds, 181.9 yards away from C. 

Take the map and draw a circle of 114.4 ystrds radius round A 
and another 181.9 yards radius round C. Now, the sound got to 
somewhere on circle A, to B, and to somewhere on circle C at the 
same time. These two “somewheres"’ and B must be the same 
distance from the gun and so we have only to find a circle which 
goes through B and touches the other two circles and the gun 
must be in the centre of it. 

This drawing makes it clear that the gun is z} 6 i yards away 
at an angle of 46® E. of N. of B. If the calculations are right, 
the gunners can now attempt to destroy it by bombardment. 

The same principle was used by the Navy for warning ships or 
the position of submarines. If a vessel saw one, it exploded a 
charge under water. Several submerged microphones near the 
shore picked up the sound wave travelling through the water, and 
a brief calculation showed the precise position of vessel and 
submarine. 

What we call sound then, is a pulse of compression travelling 
through some material. This is usually the air, but of course 
sound is carried by all kinds of material. A sound wave in a plank 
of wood, a rod of steel or a tank of water, is a compression wave 
just as in air. 

These materials arc much more difficult to compress than air, 
so the restoring force is much greater: this should make them 
vibrate quicker. On the other hand, they are much denser than 
air, so that more force should be needed to make their particles 
vibrate at a given speed — consequently, they should vibrate more 
slowly. In actual faa, the first effea outweighs the second. Steel 
is 1,200,000 times less compressible than air, and it is 6,030 times 
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more dense. Actually sound travels at just on three miles a 
second in steel, 14 times faster than in air. 

If you apply your ear to a water-pipe while someone hits a 
distant part of it with a hammer, you may heat three sounds, the 
one xioamg through the air, another through the water and 
another through the steel: unless the pipe is very long, tlie last 
two will not be distinguished. Sound is transmitted through an 
elastic solid with less loss than through air, because less of its 
energy is wasted in making the molecules move irregularly — i.e., 
become hot. 

If you put a watch on one end of a long table and press your ear 
against the other, you hear it quite clearly. Sound travels better 
through ten feet of wood than one of air. 

Water-board inspectors look for leaks in this way. They go 
round at night when no water should be in use and turn the main 
valves nearly oflF. By pressing one end of a wooden rod against 
their ear and the other against a valve, they can hear the whisper 
of the water going through the chink of the valve to the leak 
they are seeldng. 

Since sound is a compression-wave consisting of a crowd of 
molecules, it can only exist where there are molecules to crowd. 
Sound cannot travel through a vacuum. If an alarm clock is 
suspended in a vacuum not a sound will be heard when it goes 
off, though the hammer may be seen vigorously banging the bell. 
At the tops of high mountains where the air is much less dense, 
voices sound weak and the vast deserts of space must be perfectly 
silent. 


WHY SOUNDS FADE OUT 

The farther one stands from the source of a sound, the fainter 
the noise. This is easy to understand if one remembers that a 
sound spreads out in every direction and it is only the little 
bit of the wave that enters your ear that can be heard. Suppose 
someone explodes a cracker 50 feet away from you. A sound 
wave goes out from the cracker upwards, sideways, forwards 
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and backwards like a dome and when you hear it 50 feet away, 

88 

the wave has an area of — X 50* = 31,428 square feet. Your 

ear-hole is only about ^\jth square inch in cross section, so you 
only get about one fifty-millionth of the total noise. Suppose 
you were twice as far away. The ‘*dome”-shaped sound wave 
would have twice tlie radius when it reached you, and so the 
same amount of sound energy would be spread out to four times 
the area. So you would only get one two-hundred-millionth of 
the total sound, one-quarter of the sound you got before. This 
argument applies to sound, light, force or anything you like 
which spreads out evenly from a point: it is the inverse-square 
law we met on p. 159. 

Now, according to this, sound gets fainter with distance 
because it is spread thinner and thinner. If we could make sound 
go in a parallel beam like a car’s headlight, or travel down a tube, 
it would not spread out and so would keep its loudness. This is 
partly true. By shouting down a megaphone, we get a beam of 
sound of a sort, and so make sounds carry further; and by speaking 
down a tube we can make sounds audible for fair distances. 
However, sound waves always gradually die away by being con- 
verted into irregular heat motions of the air, and the only satis- 
factory way of sending them long distances is to '‘translate” them 
into electric currents, light or radio-waves, and send these. 

MUSICAL NOTES 

Hitherto we have talked about these waves or compression as 
if they travelled singly; in actual fact it is as difficult to get a 
single air-wave as a single water-wave. If a stone is thrown into 
a pool, a group of ripples travels out. In the same way, an es^lo- 
sion in air or the noise of dropping a brick on a pavement sends 
out a group of air-ripples. 

We carry in our heads a complicated little apparatus for 
detecting sounds — an ear. The structure of it is carefully mapped 
out on page 892. A membrane is moved by the pulses in the air— 
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compressions push it in, rarefactions draw it out. This mem- 
brane transmits its movements by a bridge of bones to a smaller 
which is part of a bag of liquid, which is thus caused 
to vibrate. This liquid contains a second bag of liquid which 
vibrates with it, and in this latter liquid are a series of nerve- 
endings which in some way we do not fully understand, are tuned 
to respond to the various frequencies of the air-waves we can hear 
and to tr ansmi t their message to the brain. We cannot hear all 
air-waves. What we can hear as sound is a stream of air-waves 
reaching us at the rate of anything from 20 a second to about 
40,000 a second. If the waves are regular (as are the waves in 
Plate XVIII) we heat a musical note\ if they are irregular (as are the 
waves in a choppy sea or the wake of a ship), we hear a mist. 
If the waves reach us at a slow rate, we hear a low note; while 
a high frequency means a high note. 

A very simple experiment will convince you of this. Pull the 
blunt end of your pencil along a rough piece of regularly patterned 
material, either a bit of woven material — a hair carpet or piece 
of canvas or anything with a fine regular pattern, a file or the 
milled edge of a half-crown. A distinct “note” can be heard and 
the fiistet you move the pencil the higher the note. If I do this 

to my hair carpet, I find that if I 
move the pencil at the rate of 
about4feet a second, I get a note 
not far off middle C. The carpet 
has about 6 strands per inch, sol 
am causing 6X12X4=288 vibra- 
tions a second. Middle C is 261 
vibrations per second. A musical 
note is then a regular succession 
of pulses. Fig. 224 shows dia- 
grammatically how the notes of 
a high-pitched whistle travel as a 
series of spherical waves of com- 
pressed air moving outward at 
1100 feet a second from the 



Pig* 224. — Sound waves emitted by 
a thrill whistle. 
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whistle. A very shrill whistle might send out 10,000 waves a 
second. As they travel about 1 100 feet a second they would be 
rather more than an inch apart. We now see that a musical note 
is a regular succession of pulses of compressed air. The more 
rapid the succession, the higher is the note. 

Men have had since the earliest times a very clear idea that the 
highness or lowness — the pitch of a note could be measured or 
at least defined. They have always (or at least for two or 
three thousand years) had some idea of a musical scale. They 
realised that certain pairs of notes sounded pleasant when com- 
bined while others did not. It is true that some races and cultures 
regard as in concord notes which others consider to be discords. 
None the less there is a general recognition that certain intervals 
such as the octave and the fifth are harmonious. The modem 
scale took a good deal of working out and is not entirely satis- 
fectory now. 

The octaves were soon recognised. It is easy to perceive that 
you can get the same group of musical e&cts bocween, say, 
middle C and the next higher C, as between middle C and the next 
lower C. When you come to measure the number of vibrations 
which correspond to each note, you find that each octave doubles 
the frequency. Thus, the Cs on the piano give the following 
number of air-pulses a second: 


C 

C 

c- 

o 

C“ 


65.25 

130.5 

z6i 

fZZ 

1044 


The ear has a very clear notion of the r^/aZ/o/f between two notes 
-whether one is the octave of the other. It has no very definite 
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about the numbet of vibrations (the absolute pitch) of a 
note. Thus the pitch of the various notes has been varied a great 
deal in the last two hundred years, Handel’s treble C gives 504 
vibrations a second. G>vent Garden Opera House in 1876 
adopted 540, neatly a semitone higher. The present “New 
Philharm onic” pitch is 522. The ear cannot judge accurately of 
the pitch of very high notes and very low ones become inaudible; 
the highest note sounded by the piccolo is 4752 vibrations a 
second; the lowest on the organ has 32.7 vibrations a second. 

Everyone is agreed that the musical scale shall be divided into 
octaves. But the octave itself can be split up into notes in a good 
many different ways. The usual method is to consider the octave 
as divided into 12 equal semitones, each note vibrating 1.0594 
times as fast as the one before it. This system is called the equi* 
tempered scale. The octave C to would then be: 


c> 

622 

B 

49275 

Bb 

465.09 

A 

43907 

Ab 

414.42 

G 

591.14 

Gb 

369.18 

F 

348-45 

B 

328.88 

Eb 

310.40 

D 

292.98 

Db 

276.52 

C 

261 


Vibrations a second. 


Notes are generally thought to sound in concord when theit 
vibrations are in the same proportion as small whole numbers. 
Thus the C and the (the note an octave above it) form a perfect 
concord, for O vibrates twice for C’s once. The interval between 
C and G is called a fifth. C vibrates twice while G vibrates three 
times. The interval between C and E is called a major third; 
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here C vibrates four rimes while E vibrates five times. There is, 
however, no general agreement about the intervals which are 
not so simple as these. A composer such as Wagner uses with 
effect combinations of notes which Palestrina would have called 
discords: Oriental music combines notes which sound discordant 
to a Western ear. 

The equitempered scale is not the only one. The diatonic 
scale gives eight notes with frequencies in the proportion i, f, 
h ‘V“> disadvantage of it is that if C is the tonic 

(by which we mean the note we call i), we get a certain octave 
of notes. But if we make G the tonic we get another octave, 
none of the notes of which is the same as any of those in the 
scale with C as tonic, which is musically very inconvenient. 
The equitempered scale is therefore generally adopted. 

It is very curious that the ear distinguishes as in harmony the 
notes which science thousands of years after has shown to have 
vibrations in simple mathematical ratios. There is no certain 
explanation of the fact; perhaps we may still believe with Plato 
that harmony is innate in our souls! The chief explanation put 
forward is that harmony is the absence of the “beats^^ mentioned 
below; these, even when too rapid to be separately heard, are 
probably unpleasant to the ear. 

If two notes vibrate so that their vibrations per second are not 
in some simple proportion such as i : 2 or 3 : 4, they produce 
a discord which does not satisfy the ear. Thus C and D sounded 
together give a dissonant effect. The ratio of their vibrations 
is 8 to 9. 

If two notes are sounded which are just out of tune, a curious 
effect of "‘beats” is heard. A piano-tuner tightens or loosens the 

BWr BEAT BEAT 


SOUND NO SOUND SOUND NO SOUND SOUND 

COMPRESSIONS »tm COMPRESSIONS 

aarcfactions cancel 

OOlNOaC RAREFACTIONS 

Fig. 22 j. — Notes with freauendcs in the proportion of 7 to 6 sounded together, 
illustrating formation of b^ts. The dark bands may represent compressions, the 
light ones, rarefactions. 
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string, till it no longer gives beats with Ae note of a tuning- 
fork: it must Aen be in tune. Fig. 225 shows how Aese beats 
ariicff Suppose wc sound two notes, one vibrating 60 times 
a second, Ae oAer 59 times a second. Once every second Ae 
compression waves will reinforce ea A oAer and make Ae sound 
louder; once a second Ae waves of one note will exactly fell in 
Ae troughs of Ae oAer and Ae waves will cancel out, giving 
silence. Qjnsequently Ae sound will rise and fell in “beats” of 
a second’s length. 

These can be heard by tuning two strings so Aat one is a little 
flatter than Ae oAer and bowing or plucking boA of Aem. 
Most easily, however, Aey can be heard by listening to Ae wind 
blowing through Ae telegraph wires. If you press your ear to 
Ae pole, Ae beats of Ae dife^rent notes from Ae wires can ofiten 
be heard. 

We now see what musical notes ate and how Aeir pitA 
depends on Aeir speed of vibration. This is by no means Ae 
whole story, however. Heat Ae middle C on Ae piano, a tuning 
fork, a violin, a trumpet, Ae several stops of an organ. These 
may all play a note of precisely Ae same pitA, but a child can 
Astinguish that Ae sounds are different. The reason is that no 
instrument plays one single note. If you strike the C string of 
a piano, it soiuids C, whiA we may call Ae fundamental, but it 
also more faintly sounds Ae Cs and oAct higher notes for seven 
or eight octaves above. Thus, in adAtion to Ae fundamental. 
Ae octave, Ae twelfA, Ae double octave and Ae eighteenA ate 
mote faintly heard. The fundamental C is just Ae same for 
piano, organ or violin, but eaA of Aese instruments sounds 
higher notes too and Aese are not Ae same in eaA case. 
These notes, higher Aan Ae fundamental, are called Ae over- 
tones or, if Aey ate in harmony wiA Ae fundamental, the 
harmomcs. Bells are Ae most remarkable instruments from Ae 
point of view of harmomcs. A big bA’s fundamental note, Ae 
“hum-tone,” can harAy be heard; it is Ae first and higher over- 
tones whiA we heat. Many of Aese are discordant wiA eaA 
oAet, Aus giving Ae bell its peculiar tone. 
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Fig. 226 shows very clearly 
the overtones ftom a tuning- 
fork. The pictures were ob- 
tained by setting a tuning-fork 
vibrating so ±at a bristle 
attached to the fork just 
touched a glass plate covered 
with candle smoke. The pbte 
hung by a thread. This was 
burned through, whereupon 
the plate fell past the moving 
bristle, which scratched a re- 
cord of its movements in the 



Fig. 226. — ^Tracing of Vibrations of 
Tuning fork. 

(a) Top: Funckmental 
(h) Middle: Fundamental and Overtone 
(r) Bottom: Fundamental and Overtone 
(Courtesy of Meitia- George Bell & Sons, 
Ltd., from Dr. Wood’s Textbookof Sound,) 


smoke. Fig. 226 (^) shows the pure fundamental. InFig. 226 (b) the 
fork is giving an overtone of times the frequenqr. In Fig. 226 
{c) the overtone is 17 J times the frequency of the fundamental. 
It was made to give the different overtones by rubbing it in 
certain fixed spots with a violin bow. 


THE DOPPLER EFFECT 


When we say that the thing which determines whether we hear 
a high note or a low one is the frequency of the sound-waves, 
we do not really mean the number of waves emitted every second 
but the number that reach our ears. Suppose (Fig, 227) a siren 
is hooting at a pitch near that of the mid^e €,256 vibrations a 
second. The compression waves travel roughly 1100 feet a 

second, so they must be = about 4.3 feet long. Now sup- 

pose we shoot past the siren in a car going no feet a second 
(about 75 m.p.h.). If we had stopped still at A or B or anywhere 
else for a second, 256 vibrations would have passed us. The 

distance between two waves is 4.3 ft, so in going the 

2j6 

no tcet from A to B we pass more waves on their way out- 
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Fig. 227. — ^Ulustcating the Doppler effect. 

ward, so that the number of waves that reach our cars is 

256 + = z8i.6 in a second and the note we hear is not C 

4-3 

but C sharp, a semitone higher. As we rush away from the 
hooter, we shall find the opposite effert. If we stood still at E, 
2 j 6 vibrations a second would pass us. But by going the no feet 

to F, we shall be passed in that second by only 256 — 

4-3 

s= 230.4 vibrations, and the note we hear will be about a semi- 
tone flat. The phenomenon, called the Doppler effect, occurs 
with light waves also, and is most important in astronomy; for 
this reason, it is worth while expressing the results in another 
way. 

TTie waves are emitted by the siren at the rate of 236 to the 
second. Their velocity is 1 100 feet a second relative to the siren, so 
they are 4.3 feet apart. But the velocity relative to a car travelling 
no feet a second towards the siren is 1210 feet a second. They 

are4.3feet apart, so-ii^^ = 281.6 waves will pass the approaching 
4-3 

car per second. Their velocity relative to the departing car is 

noo - no = 990 feet pet second. So only = 230.4 waves 

4*3 

pass the car per second. So, on driving a car at 75 miles per hour 
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past a siren, the note should appear to drop by rather more than 
two semi-tones. The effect is best heard when a high-speed 
aeroplane, flying low, passes a spectator. The note of a racing 
seaplane at 400 miles an hour should show a drop of pitch of 
about an octave and a half as it passes a spectator. 


ECHOES 

Soimd waves can be reflected, as indeed can all waves. The 
way in which a wave is reflected is easiest studied in the bath. 
Start a small wave at the rounded end. 

It runs to the square end and there 
piles up against the side. It then starts 
back again without any noticeable loss 
of size or speed. Remembering that 
the water-wave particles are bobbing 
up and down, not travelling along, it is 
easy to see that, if they are at the top 
of their travel and touching the side, 
when they travel down, they must 
force the particles behind them up; and 
the wave will travel back the other way. 

The reflection of a sound wave is „ ^ „ 

- ... , Fig. Z28. — How a water-wave 

familiar to everyone as an echo. is reflected. 

I stand at one side of a square of 
houses and strike two books together with a bang— firing a gun 
is discouraged in London streets. About half a second later, 
I hear a similar sound, the echo. The square is about a hundred 
yards across, so that the sound has to travel 600 feet to get to 
the opposite wall and back to my ear. Since sound goes 1100 
feet a second, I should hear the echo second after the bang. 

Fig. 229 shows how a sound wave is reflected. The wave is 
a layer of crowded air molecules springing apart and so crowding 
the air molecules ahead of them in turn into a small space. 
Suppose the ^‘crowded” molecules meet a wall. They cannot 
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push it away, so they must spring back- 
ward and so crowd the molecules behind 
them. These again crowd the molecules 
behind them and so the wave returns on 
its track. 

Everyone likes shouting at a wall and 
hearing it shout back to Urn; but beside 
this simple pleasure, men of Science 
have found one or two uses for 
echoes. 


ECHO-SOUNDING 


^*wave is re^Sed.^ The most Valuable use of echoes is in 

echo-sounding, used to determine the 
depth of the sea without the need to lower the line to the bottom. 

The principle is very simple. You make a noise under water 
and listen for the echo with an underwater telephone. The interval 
between the noise and the echo is twice 
the time needed for the sound to get to 
the bottom. Since sound travels 1440 
metres per second in the sea, if the 
interval is / seconds, then the depth is 

metres. Very pretty; but suppose 

1 

the sea is only 10 metres deep. Then 
the echo will return only tV second 
after the noise; and to measure this 
interval some arrangement will be 
needed to time the echo within about 
TtrbtJ * second. Plate XIX shows how 
rids is done. The motor kept at a con- 
stant speed by a governor closes a 
switch (between these) which sends 
an electrical impube which discharges a 
condenser in the contactor (Fig. 230, C) 





sound waves from sea- 
bottom. C ~ contactor, 
Ttsssi transmitter. Re 
receiver, Rssstecorder. 
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in another part of the ship. This discharges a big current through 
an arrangement Tr, fixed to the ship’s hull» for sending out 
sound waves of such very short wave-length that they are in- 
audible, These waves travel to the sea bottom and are reflected 
back. A special type of telephone Re, sensitive to very shon 
waves, receives the sound and sends a faint electrical impulse 
to a large valve amplifier, which converts it into a strong current. 

Now to make a record of this. A piece of paper moistened 
with starch and potassium iodide solution is drawn over a metal 
support. This paper has the property of becoming coloured 
when an electric current passes through it. Now a pen (a metal 
point) starts to move from left to right across the paper each 
time a signal is sent out. The incoming electric signal causes a 
current to pass through the pen, paper and metal support over 
which the latter runs. A dark mark is thus made and the distance 
the pen has gone before the mark is made depends on the time the 
signal has taken to go to the bottom and back. The white strip 
therefore shows the depth of the sea. Plate XIX shows part of a 
record — practically a section of the sea-bottom. The apparatus 
is so sensidve that it readily locates wrecks and even shoals of 
fish; in fact it has given us some very useful knowledge of the 
depth at which these swim. 

The reflection of sound has much importance in determining 
whether a building has good “acoustic” properties or not. There 
are many large halls in which it is exceedingly difficult to hear 
what is being said. St. Paul’s, in which one may sit not fifty feet 
from the priest reading the lesson and be unable to follow the 
most familiar biblical passage, may be taken as a superb example. 
Every sound is reflected up and down that vast space so that the 
air is a confused welter of sound-waves, not an orderly pro- 
gression. A. hall in which it is easy to hear must be so arranged 
that the soimd waves reflected from the walls do not interfere 
with those emitted by the speaker. 

The first way of assuring this is to prevent the sound-waves 
being reflected. If the walls are hung with tapestry or covered 
with ‘^acoustic plaster,” the sound is mosdy absorbed and not 
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reflected. The other method is to design the hall so that the 
sound-waves, after they have been reflected, either do not reach 
the audience or reach them so quickly that one word does not 
interfere with the next. Elaborate carved work as in a Gothic 
cathedral seems to break up the waves, so also do the walls of 
an irregularly shaped building such as a theatre. When a modern 
hall is designed, the architect often makes a model and photo- 
graphs the sound waves made in it by an electric spark. Plate 
XVIII shows the way these reflections occur. 


MEASURING SOUNDS 

The world has grown conscious of late of a growing intensity 
of noise, and in England the Anti-Noise League is maldng efforts 
to reduce some of the worst nuisances such as pneumatic road 
drills, inadequately silenced motor cycles and the like. One of 
the chief difficulties in framing legislation against noise has been 
the lack of a reliable method of measuring how noisy some piece 
of machinery really is. The best measure of noise is the actual 
power expended in making the air vibrate, though this is far from 
perfect because the ear is more disturbed by some notes than 
others: moreover, a discontinuous noise as of a road drill or a 
barking dog is more annoying than the continuous roar of traffic. 
Actually, the energy of sound is very small. A large orchestra 
doing its worst only expends 70 watts h.p.) in setting the air 
vibrating, while the power of a single flute is only about a 
sixteenth of a watt. It is an amusing commentary on our garrulous 
species that if all the people in Europe talked at once, the energy 
would just run a motor-bicycle. Noise-meters of many kinds 
have been made* some measure the electrical output from a 
microphone or measure the pressure changes of the sound waves: 
these are mechanically accurate but have to be compensated to 
allow for the fact that the car finds shrill notes most noisy though 
the low notes commonly have the greatest energy. The simplest 
•‘audiometer” consists of a tuning fork which is automatically 
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PLATE XX 



A cliaphone. iVlicrophotograph of a part of 

(Hy courtesy of Messrs. Chance Bk . and gramophone record. 

(a)., Ltd., Smethwick.) 
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struck by a blow of definite strength and held as close to the ear 
as possible. The observer measures the time till the waning 
noise of the fork just matches the noise to be measured. The fork 
is first tried against standard noises so that the amount of noise 
corresponding to each second^s lapse is known. 

Noise is now measured in phons. We first fix a ‘^threshold” 
taken as the faintest sound that can be heard, then a sound 26% 
greater than this is said to have a loudness of i phon, a sound 
26% louder than i phon is called 2 phons and so on. A noise of 
20 phons is therefore not 20 dmes i phon but diat is to 

say 100 times one phon. This “logarithmic*^ scale of noise has 
the advantage of discriminating between little noises without 
representing the big ones by vast numbers. 

The following table gives the noise intensities in phons of 
some noises. It must not be forgotten that the noise here called 
100 on our scale of phons has not 10 times the energy of that 
called 10 but ten thousand million times. 


SOME LONDON NOISES (after Davis) 

(Expressed as the intensity of a standard note of equal loudness: 
Noises of two different kinds cannot be compared directly.) 

PHONS 

no Noisy aeroplane cabin. 

90 Noisy tube trains. Pneumatic drills. 

80 Motor horns. Loud music. 

70 Loud radio music. Tram, bus or train with windows open. 
60 Average music. Average traffic. Interior of train. 

50 Conversation. Quiet car passing. 

40 Soft radio music. Quiet street. Saloon car. 

30 Clock ticking. Quiet suburban street. 

20 Quiet garden. 

10 Quiet whisper, 
o Silence. 
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Measurement of these noises may be a first step towards r hfrk 
ing them. There is no question that pneumatic drills and the 
louder cars and lorries could be silenced. The noises of trams and 
trams could hardly be much reduced. Such noises as of the 
neighbours’ radio and barking dogs can be abolished only by the 
use of reasonable and urbane behaviour— not a matter for s<-i>nCT, 



CHAPTER XIV 


How Sounds are Made 

A very great number of instruments ate used for making 
sounds. Some are musical instrument^ others, such as fog> 
horns, hooters and whistles ate not. In every case there is semi- 
tbing in the instrument that vibrates or in some way sets a regular 
succession of compression waves travelling. 

The things used to make noises ate: 

(i) Sirens and diaphones, which send out a very rapid succession 
of puffs of ait or steam. 

(a) Vibrating solids Strings, as in the violin. 

Rads, as in the tuning-fork and xylo- 
Vibrating in phone, 

their natural Plates as in gongs, 
period Membranes as in drums. 

Not vibratiag Plates and membranes in motor horns, 
in their gramophone sound-boxes, loud 

natural period speakers, etc. 

(3) Vibrating columns of air; These may be set vibrating by 
an oscillating tongue of metal or “teed,” as in the clarinet, 
or by the rush of air over a sharp edge as in the flute or 
organ pipe. 


FOGHORNS AND THE UEE 

The «*.ren and diaphone produce the loudest musical notes we 
can make. Everyone knows the noise of the flu:tory hooter, 
which may be heard five or six miles away when the wind is 
favourable. The factory hooter is always a siren. The fog-horn, 

.*95 
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which may be heard at distances of twenty miles, is usually a 
diaphone. 

A siren consists of two discs perforated with holes. The 
lower one is fixed, the upper free to revolve. The holes in the 
upper disc are at an angle so that the steam makes it turn just 
as the water turns a reaction turbine. Air or usually steam is 
forced in below. The upper disk turns, but as it does so, it 
alternately releases and shuts oflf the steam according to whether 
the holes in the moving disc and fixed plate are opposite each 
other or not. It is easy to see that if the disc has 32 holes and 
revolves ten times a second, there will be 320 pulFs of air a second 
and the siren will sound the E above middle C. 



Fig. 251. — Section of a siren. 


Fig. 251 shows a fac- 
tory siren in section. 

Sirens give a very 
good way of finding out 
how many pulses a 
second correspond to a 
particular note. If we 


connect a siren with 


a revolution counter and drive the moving plate by a governed 
motor at various fixed speeds, we can easily time it to match a 
given note and then see bow many puffs a second it is giving. 

The diaphone (Plate XX) is more complicated. It has a reservoir 
of compressed air. This works a cylinder and piston like that 
of a steam engine, but very much shorter. At the start and finish 
of each stroke the piston rod opens and shuts a valve which 
allows a puff of compressed air to enter a large horn. If the piston 
makes 50 strokes a second, the diaphone will give out a hundred 
puffs of air a second and emit the second G below middle C. 

Lighthouses often emit a diaphone note and a light flash at 
the same time. If a boat sees the flash thirty seconds before it 
hears the note, the navigator knows that the sound has taken 
thirty seconds to arrive. Now sound travels about 1100 feet a 


second (varying somewhat according to the temperature, baro- 
metric pressure, etc.); accordingly, he knows he is about six 
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miles from the lighthouse. Sound travels through water much 
faster than through air, but much more certainly and at a fixed 
speed. Fog banks, differences of temperature, pressure, etc., 
hardly afiect water. Accordingly modem lighthouses, instead 
of a siren or diaphone, sound a bell or an arrangement like an 
exaggerated electric horn under water. Ships are fitted with an 
under-water telephone or some such arrangement by which the 
water vibrations can be heard. The lighthouses send out the 
under-water signal and a light-flash together: the navigator, 
knowing that light is for practical purposes instantaneous and 
that sound in water travels about 1450 m^es (almost a mile) a 
second, finds it easy to calculate the ship’s distance from fhe 
lighthouse. 

Sirens and diaphones give an unpleasant note. It is almost 
all of the same fundamental frequency and lacks the character 
and richness that the harmonics give to the notes of musical 
instruments. 


VIBRATING RODS — TUNING FORKS 

The simplest musical instrument, if it can be called one, is a 
tuning fork, a U-shaped steel bar. When it is stmek, it vibrates, 
scissor-fashion, and sends out a very pure note with very 
few harmonics. Its value as a musical instrument is ml\ its 
use is to keep in tune and alwajrs vibrate at the same rate. The 
speed it vibrates at depends on two things, the elasticity of the 
steel, which pulls it back into its normal shape, and the weight of 
the arms, which the elastic force has to set moving. 

If you stick two lumps of sealing wax on the tips of a tuning 
fork, so as to increase the weight of the arms, it will sound flat — 
i.e., vibrate slower. If it is warmed, the steel becomes a little less 
elastic, but a change of 20° C. does not make a difference of one 
vibration a second in a for'i tuned to middle C. 

To keep a tuning fork going permanently, we can treat it as 
if it were the atm of an electric bell. Each time the arm moves, 
it dips a tungsten wire into a pool of mercury. A current passes 
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through the fork, wire and mercury and a small elearomagnet 
which gives the arm a sufficient tug to speed it up as much as 
the friction of the air, etc., slows it down. An electrically driven 
tuning fork is not only used as a standard of pitch, but also 
as a standard of time. A tuning fork can be tuned to vibrate 
accurately 250 times a second and if a fine point is attached to the 
end of one bar and is allowed to graze the surface of a rapidly 
travelling sheet of smoked paper coated with smoke, it will 
draw a wavy line, each crest being drawn ^l^th seconds after 
the one before. Now suppose we want to measure the time a 
frog’s muscle takes to contract. 



Fig. 232. — Electrically driven tuning fork. 


A simple form 
of the apatatus 
is illustrated in 
Figure 456 
(p.866).Adrum, 
covered with 
smoked paper, 
rotates about once a second. The muscle is mounted so that when 
it contracts it lifts a point touching the smoked drum and so draws a 
white line which represents its own movem«its. The operator has 
a large tuning fork, vibrating too times a second, to 
an arm of which is attached a bristle. He holds diis 
so that the vibrating bristle just touches the smoked 
surface and so traces a wavy line on it, each wave- 
crest being secs, later than die wave-crest 
before it. In Fig. 4) 6 the curve of the muscle twitch 
occupies the space of 1 1 tuning-fork vibrations 
and ffierefore took sec. to complete itself. 

There are not many musical instruments made 
from vibrating rods. The triangle is radier like 
the tuning fork, but its shape makes it vibrate in 
a very complicated way, so that it gives a mixture 
of notes, liie xylophone is a set of rods, usually of 
wood, balanced on two supports. These vibrate 
up and down. They would make very little noise 


Fig. 235. — Single 
unit of xylo- 
phone. A bar of 
wood ot metal 
it struck by a 
hammer and so 
caused to vibrate 
over a pot-shaped 
resonator which 
intensifies the 
sound. 
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if there were not under each of them a pot-shaped vessel which 
we call a resonator. 

RBSONATORS 

Nearly every musical instrument has a vibrating part to make 
the sound, and a resonator to increase it and modify its tone. Thus, 
in a violin the strings vibrate and the belly of the violin is the 
resonator. In a clarinet the reed vibrates and the “horn” is the 
resonator. So, before we discuss musical instruments, we must 
say something about resonance. 

If you have a tuning fork, best of fairly high pitch, and a tall 
vase, you can try this experiment. Sound the fork and hold it 
over the vase while you slowly pour in water; At a certain point 
the fork will suddenly sound much louder. What has happened 
is that the air in the vessel is vibrating in dme with the fork. 

Imagine a very light 
piston fitting without 
friction in the neck of 
a vessel of air I. If 
you pushed it down, 

the air would be com- _ „ . r . 

1 234* — ^How a vessel of air could act as a 

pressed, II. If you let resonator. 

it go, the piston would 

spring up like a jack-in-the-box, HI, overshoot the mark IV, and 
vibrate up and down, V, VI, etc., till friction stopped it. Clearly, it 
would not be the piston (which has no spring in it), but the air 
which would be vibrating. So theairinavessel can vibrate byalter- 
nately being compressed and expanding. Now if the tuning fork 
vibrates in the same period as the air in a vessel beneath it, each 
time the air goes down the vessel, the tuning fork atm gives it 
a kick behind and sets it swinging strongly, ^e best resonators 
have narrow necks; by singing O — O — O — OO into the neck 
of an empty milk bottle, you can soon find the note at which it 
sings back again owing to resonance. 

The chief task of the designer of a musical instrument is to 
make the resonance cavity of such a shape and of such ma terials ^ 
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that the right 
of pounds. 

STRINGED INSTRUMENTS 

Perhaps the most important set of instruments 
nrr These all have stretched strings or wires as vibratory and 
Aev'are set vibrating by striking (piano), by pluc^g (harp, 
i ci/.l^nrfl^ or bv bowing (violin, violoncello, etc,). 
^iUttSs iid?to vibLe the Lre quickly by increasing the 
A filing it back; on the other hand, 

S* si the weight of the^ string the more slowly it vibrates^ 
The first of these rules you can easily test by tw^gmg 
™g. TheU« yo. smeh it. the h.gh» tfK 




A' (a.) 


p,g j,, —The positions taken up by a 
«rrtnff M it vibrates. (Courtesy of Messrs. Mwani 
iOd and Professor Richatdso^ from the latter s 
Atoutikt ofOrtbtstral Instrumtnts.) 
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note. The second fact you can see used in any piano. The bass 
strings are wound round with copper wire to make them heavy 
and slow in vibrating; slackening the tension of strings would 
have the same effect of lowering the pitch, but would greatly 
decrease the amount of sound and the brilliance of tone. 

In order to play a tune on a string, you must be able to vary 
the pitch so as to get a number of notes, unless you have one 
string for each note as in the piano. It is not practicable to alter 
the pitch by altering the pull on the string. It is possible, however, 
to alter the length, and this is what is done in the violin and other 
similar instruments. By fingering, the length of the vibrating 
string is altered. The tension remains the same, but since the 
weight of string is less, and the distance the wave has to run 
along it is less, the rate of vibration is quicker. 

A plucked string is pulled into a shape like. Fig. 235 (i). Two 
things happen when it is released. The angle A straightens out 
and so two angles run up and down the string from end to end 
in opposite directions. 

The string thus at onetime or 
another covers all the positions 
of the shaded portion of Fig. 236 
(i). If you twang a string, you 
see a figure like this, which is a 
blurred impression of all the 
positions a string takes up. 

Now the string (the picture in 
Fig. 235 is made from a violin 
string sounding B", which 
makes 995 vibrations a second) 
goes through all its vibrations 995 times a second. How is it then 
that the string sounds not only the pure B", but a whole 
series of fainter and higher notes — the overtones? The 
reason is that a string can vibrate in more than one way. 
It can go through all the positions shown in Fig. 236 (i), but 
it can also go through all the positions in Fig. 236 (2), or 
Fig. 236 (3). Now, the speed of vibration depends &st on die 
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Fig. 236. — Modes of vibration of a 
stretched string, * 
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restoring force, which is the elastic pull of the string (this is the 
same, however, in whatever way Ae string is vibrating), and 
secondly, on the length and weight of the part being pulled back. 
Now the weight of the string A B is clearly twice that of the 
part C D; so C D and of course D E vibrate twice as &st as A and 
thus sound the octave. Now, a violin string vibrates in all the 
ways shown in Fig. 236 d/ once and, to a smaller extent, in several 
others as well. 



Fig. 257. — ^The note of a violin. 
Above the compressions (dark) and 
rarefactions light. Below the 
sound wave (A) analysed into its 
component vibrations, 1,2, 3 (lower 
portion after Prof. D. Qarence Miller, 
from his Sciewi of Musical Sounds 
(Macmillan, New York.)) 


In Fig. 237 (A) we see a curve 
representing the rarefactions and 
condensations in an actual sound- 
wave from the violin sounding 
B". The peaks represent con- 
densations of air and the valleys 
rarefactions. It must not be for- 
gotten that the real wave has no 
humps or hollows. A hump is 
simply a pictorial way of 
showing air at high pressure, 
and a hollow, air at low 
pressure. , The shaded band 
perhaps gives a better notion of 
the alternate waves of crowded 
and rarefied molecules, but for 
scientific purposes the curve is 
preferable because it can be 
treated mathematically. The 
three curves below (i, 2, 3) 
show the same thing for the 


three different waves the string is sending out by vibrating in 
the three different ways shown in Fig. 236. These three waves 
all combined make up the curve (A), which is the characteristic 
shape for a violin note. A piano note would show another and 
different set of humps and valleys. 

A string may be set vibrating in several ways. A harp, banjo, 
guitar or ukulele is plucked, a piano string is struck with a hard 
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felt hammer; both these ways of sounding a string cause many 
of the very short waves — ^high harmonics — to be heard, which 
give the note a mote metallic or bell-like quality. The violin, 
viola, ’cello and double bass ate set in vibration by bowing. The 
bow is well known to everyone. Its material is horsehair rubbed 
with resin, which makes it stick more firmly to the string. 

A bow sets a string vibrating because it takes more force to 
overcome the friction between two things relatively at rest than 
between two things that arc moving. 

If you sit on a plank and the end is caudously raised as high 
as is possible without making you slip, you can sit there as long 
as you like and the static friction will hold you up, but let a slight 
push start you moving and you will continue to slide, for the 
dynamic friction is smaller and will not stc^ you. 

Now suppose a bow is being pushed across a string. The bow 
and string move as one as long as the static friction keeps them 
together, but when the string has been forced a certain distance, 
it slips and the smaller dynamic friction will not hold it. Thus it 
springs back past its normal position until it has slowed down 
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FiGo 158.— Hem tne bow keeps a string Tibntlng. 
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enough for the friction of the bow to catch it and carry it forward 
again. 

A bowed string is then pulled by the bow into a shape like 
Fig. 255 (i). The vibrations excited, run up and down the string 
rather as shown in Fig. 255 (2, 3, 4, etc.). All this happens too 
quickly for the eye to see unaided, but there is a simple gadget 
raile d the stroboscope which enables us to see a ’cello string in 
slow motion with waves crawling up and down it in an uncanny 
fashion. It is an experiment so well worth doing that it may be 
described here. 

We cannot possibly see what happens in each vibration, for 
the eye combines into a single blur events which succeed each 
other more rapidly than at intervals of about -j^th of a second. 
Now each vibration is just like the one before it. Imagine the 
vibration divided into jo parts and taking place 200 times a second. 
The stroboscope shows us the first part of vibration (i), the second 
part of vibration (2), and so on up to the fiftieth part of vibration 
(50). The eye combines all these glimpses and so sees the whole 
fifty stages as if they were one spread over /j^^ths — one-quarter — 
of a second. 

Get a small electric motor — a toy one will do — and cut a circle 
of stiffish paper with a dozen “windows” in it. Glue this to a 
cork, which can be perforated with a gimlet and thrust over the 
axle of the motor. This is not as simple as it sounds, but a little 
“messing about” will do the trick. Now cut a single slit in a 
sheet of cardboard and with a rubber band clip it to a brick and 

stand it in front of the 
revolving disc of paper. 
When the motor is 
running, say at 20 re- 
volutions a second, 
you will get 160 
glimpses a second as 
the holes in the disc 
pass the hole in the 
sheet. Now, suppose 



ttriog in slow motloo 
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7UU look at a string vibrating 161 times a second. The 
first glimpse lasts only for less than a thousandth of a 
second, so we see the string, as it were, standing still at the 
beginning of its vibration. When the next glimpse arrives, xsutli 
second later, the string will have done a complete vibration and, 
since it does this in ^ second and second has 

elapsed, it will have got about ^lijth of the way through the 
next vibration. When the next glimpse arrives, the string will 
have done another whole vibration and of another, so it 

will be a little further ahead still. So each glimpse shows the 
string a little further across its path and after 160 glimpses — one 
second — you will have seen it successively at each stage of its 
vibration. The eye combines these 160 glimpses and consequently 
sees the string slowly wriggling once a second. 

Now it is necessary that the glimpses should come at nearly, 
but not quite, the same interval as the vibrations, so the speed of 
the motor must be suitably regulated. A sliding resistance can 
be used, but by pressing the axle with a pencil it is possible 
to regulate it after a fashion. The experiment is well worth 
doing, though with this simple apparatus it may be troublesome. 
All sorts of vibrating bodies — tuning forks, strings, drops of 
vater falling from jets — can be observed through the strobo- 
scope. 

The vibrating string is by no means the whole of a stringed 
instrument. The hollow box-like part of a violin or ’cello is its 
resonator, and without this there would be hardly any sound at all. 
The string as it vibrates pulls the bridge toward^ itself and so 
bends the sounding-board, which is thus set vibrating. Since 
almost all the sound comes from the belly of the violin, it is most 
important that it should be so designed that it naturally vibrates 
with all the frequencies of the fundamental and harmonics of the 
strings. A bad violin picks out some one or two frequencies of 
the strings and emphasises them. Practically the whole art 
of the violin or ’cello builder lies in the building and design of 
the belly. 
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VIBRATING PLATES 

Vibrating plates arc not greatly used as musical instruments. 

The only musical vibrating plates are gongs which vibrate in 
a most complicated way and produce a very rich musical noise 
so full of harmonics as hardly to represent any single given note. 

Bells are really bent plates. They arc struck by a clapper, 
which bends their opening from a circle to an oval. This springs 
back to a circle, but overshoots the mark and makes an oval 
pointing the other way and continues to do this until friction 
makes the vibrations die away. 

The vibrations are, like those of a gong, very complicated. 
As musical instruments, they leave mudi to be desired, because 
their harmonics are always discordant to some extent and they 

VVVVyvVHAr 

Fig. 240— The curve tepiesenting the sound-wsve emitted by 
a belL It is noo-penodic and so emits no definite note. 

(Courtesy of Promsor D. Clarence Miller, from his Scimm 
of Musical Sound. (Macmillan, New York.) ) 

hardly produce any definite note. Fig. Z40 shows a curve drawn 
from a bell’s note. It does not really repeat itself at aU. Bells 
produce sounds of great intensity. As 1 write this, I can hear 
St. Paul’s striking the hour a mile away; very few musical sounds 
could carry such a distance. 

A plate forced to vibrate in a period which is not its natural 
one is the foundation of the electric horn. This is practically 
an electric bell, the spring arm of the bell being replaced by a 
vibrating plate. In ^e horn shown in Fig. 241, the current 
passes first through the contact breaker, then through the coils 
of an electromagnet. The current energises this. The armature 
is therefore attracted by the electromagnet and pulls the diaphragm 
inward. As the armature is drawn to the magnet it presses down 



How Sounds ar$ Made 


405 


the spring which holds the right-hand side of the contact breaker 
and so breaks the circuit. The electromagnet ceases to attract 
the armature and the guide spring pushes the latter back again. 
This lets the contact-breaker close once more and the whole 
process is repeated. Thus armature and diaphragm fly in and out 
some hundreds of times a second. The “tone disc^* suppresses 
certain harmonics and encourages others — so modifying the 
quality of the note. 



Fig. 241. — An electric horn. (Courtesy of Messrs. Joseph Lucas ) 


The plate as it is drawn back and forth by the magnet gives 
a loud note. The harsh tone of many electric horns is caused 
by the natural period of the plate being out of tune with that 
imposed on it by the spring. 

WIND INSTRUMENTS 

In all wind instruments it is a column ot air that vibrates and 
gives the sound. The simplest of all is the organ pipe which 
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sounds only one note. The organ pipe and the whistle, which is 
only a very small organ pipe, are worked by the rather mixed 
and indefinite note whi^ is always heard when ait rushes 
through a slit or jet: this note is used to set a column of air 
vibrating. 

An organ pipe is shaped as in Fig. 24z. Some pipes are open 
at the top, others are closed. The closed ones ate the easier to 
understand. 

A current of air from a bellows or fan 
passes through a slit and strikes an edge 
just above it. 

Now when air blows rapidly from a fine 
slit against a sharp edge, it forms a regu- 
lar stream of litde whirlpools of air. The 
pressure in these will be a litde less than 
outside, so a succession of regions of high 
and low pressure travel into the organ 
pipe. Now if the column of air in the pipe 
vibrates in the same period as the interval 
between the litde whirlpools, these will 
give it the necessary kick to keep it 
vibrating; the column of ait in the pipe 
soon vibrates very strongly and sends 
powerful sound waves out of the opening 
in front. These waves now begin to con- 
trol the “whirlpools” of air and make 
them appear at the right intervals to keep 
the air vibrating in the pipe. 

The rate at which the air in an organ pipe vibrates depends on 
its length; an organ pipe closed at the top gives a note with 
wavelength four times its own length. Thus a closed organ pipe 
thirteen inches long gives a note with wavelength 52 inches — 
middle C. 

The closed organ pipe gives a poor tone lacking in harmonics. 
The open pipe as used in most organs gives a note with wave- 
length twice its length. Thus a 2' 2” pipe sounds middle C. 




AIR 

FROM BELLOWS 
Fig. 242. — The organ 

pipe. 
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The biggest open pipes used, 32 feet in length, sound a funda- 
mental note of only 16 vibrations a second, which is hardly heard 
as a note at all. Its harmonics are of course higher and audible 
as musical tones. The smallest organ pipe is a whistle. If one 
blows into a key one’s mouth represents the organ pipe slit, 
the edge of the key the edge above the slit and the hollow of 
the key a closed organ pipe. If the key-hole is half an inch 
deep, the note sounded will have a two-inch wavelength, which 
means about 6000 vibrations a second, between 4 and 5 octaves 
above middle G 

The flute, fife and piccolo arc really open organ pipes, of which 
the effective length can be altered by opening and closing holes 
in the side. An open hole releases the changes of pressure in 
the vibrating air and so the resoimding column has the length 
from the mouthpiece to the first open hole* 

AJl other wind-instruments have a reed, a tongue of metal or 
cane made to vibrate by the air blown through it by the player. 
A “reed” can be seen if the ordinary bulb motor horn is un- 
screwed. 






Fig. 243. — The Clannet, a teed instrument. (Below) Section of 
reed (white) attached to mouthpiece (black). (Aboye) The 
instrument showing keys by which holes can be Spened, so 
shortening the vibrating column of air. 


The tongue of the reed vibrates and so sets a column of air 
vibrating in a tube, and once the air is vibrating it keeps the reed 
vibrating in the same period as itself. The player’s breath just 
reinforces the reed’s motion, so that the vibrations do not die 
away. The clarinet, oboe, bassoon and saxophone are instruments 
of tUs kind. They all have a reed and a tube with holes which, 
just as in the flute, settle how long a column of air shall vibrate. 
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“Overblowing” (blowing harder than usual), will cause the air- 
column to vibrate in two portions at twice the pace — which 
makes the note an octave higher. 



Fig. 244. — Trumpet sounding c, g, c' (top). The air column 
vibrates in 2, 3 and 4 portions respectively {pf. Fig. 236). 
At the points N the air is still, and at L, most strongly 
vibrating; the distance L N in each case is half the length 
of the vibrating column. 


The brass instruments employ the lips as a “reed” to set an 
air-column vibrating. If the lips are closed tightly and air is blown 
through them, the air separates them and escapes, the pressure 
then falls and the lips close again, the air again separates them, 
and so on. When a player blows a trumpet (or bugle, cornet, 
trombone, tuba, etc.) he presses his lips together with the right 
degree of tightness to make them vibrate at nearly the same 
frequency as the column of air in the trumpet. It might be 



Fig. 245,— The trombone, a trumpet of which the length and 
characteristic pitch can be varied by sliding telescopic tubes. 
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thought that a trumpet, since it is a plain tube, could only sound 
one note. Actually the ait can vibrate in it in several different 
ways, and it can give not only its fundamental note but any one 
of a limited number of higher harmonics; it is made to do this 
by the player pressing his k 
lips together with the right S S ^ 

tightness to make them ^ 
sound the harmonic in ^ — 7 7 ^ 111]^^! 

question. f j ]lf I ^ ^ l I 

If a large number of * // 

notes is wanted, the length ^ 
of the tube must be varied. 

A trombone does this by Fig. *46- — comet. The length of the 
1: j /t7*_ . \ u vajtating column between mouthpiece and 

a slide (big. 245 )> hut most Jj dteted by tbc valves which intet- 

bcass instruments have pose between them ftirthcrtubea or “ciooki" 

of ▼"•oos lengths. 


1*1 /t 7* XL.*. viDraimK coluiao ociwcci 

a slide (Fig. 245), but most „eU is Jteted by *c vaJ 
brass instruments have pose between them further 

valves (Fig. 246) by which 

the column of air may be made shorter or longer. 


REPRODUCTION OF SOUND 


All the instruments we have mentioned produce a musical note 
with a pitch corresponding to the particular period of their own 
vibrator: string, air-column or the like. 

There are a number of instruments — gramophones, telephones, 
loud-speakers — the object of which is to reproduce soimd as 
exactly as possible. The ordinary musical instrument is designed 
to vibrate freely in its own period and to resound freely to the 
most pleasant overtones: the reproducing instrumtnt, on the 
other hand, must have as little tendency as possible to vibrate 
or resound — for otherwise it will superimpose its own tone on 
the music or speech to be reproduced. 

Enormous ingenuity has been exerted in producing exact 
reproduction of speech and music; the result is now very near 
perfection. 

First of these instruments, let us consider the telephone. The 
instrument consists of a transmitter in which sound-waves cause 



410 The World of Sciem 

variations in an electric current. This travels through yards or 
miles of wirc to a receiver in which the varying electric current 
moves a plate which sets fresh sound-waves in motion. 

The telephone transmitter, then, is designed to turn the 
variations of pressure made by sound into variations of electrical 
potential. 



Fig. 247 represents the P.O. pattern of transmitter (right) and 
receiver (left). The transmitter consists essentially of a thin 
conical aluminium diaphragm D on which the voice impinges. 
This disc carries a piston which presses against a number of 
little grains of carbon (Ca) and a current supplied by a battery 
passes through these. When these are pressed together, they 
conduct better than when they are lying loose; consequently 
each compression wave of the sound momentarily increases the 
flow of electricity through the whole circuit. An exactly similar 
current is caused to pass through the listener’s receiver, a small 
permanent magnet (I^ attracting a thin iron plate (P). A coil (C) 
is wound on this permanent magnet so t^t the currents, as 
they pass, increase or decrease its magnetism — just as they 
would magnetise an ordinary electromagnet. As its magnetism 
increases and diminishes, so its attraction on the plate increases 
and diminishes and the plate moves backward and forward 
in time with the variations in current, which again are in time 
with the speaking voice. Thus the plate of the receiver must 
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^brate in just the same way as that of the transmittct. 

The complicated parts of a telephone service are the exchanges 
by which any one of some thirty million of the world’s telephones 
can be connected at will to any other. 

First of all, in order that we may see how the current flows, let 
us suppose the connection at the exchange is made. In Fig. 248 
is shown the wiring between the two subscribers and the exchange. 



omitting any indication of the manner in which the subscribers’ 
lines are connected by the operator or automatic relays. The 
coils, I, 2, 3, 4 are actually wound on the same iron core. This, 
therefore, acts like an induction coil (p. 327): the varying current 
in I and 2 resulting from the first subscriber’s speech induces an 
exactly identically varying current in coils 5 and 4, and therefore 
in the second subscriber’s circuit. The central battery (22V.) 
works all the circuits of the exchange. Suppose the left h^d 
subscriber rings up. His receiver hook (above A) rises and 
completes the circuit to the exchange. The current flows through 
coil I to the relay at the exchange, where it operates the lamp 
which tells the exchange that it is being called^ It then passes 
over the miles of line between the exchange and the subscriber 
and passes via the 17a) coil through the transmitter and back. 

^In a maniia] exchange. 
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Contacts to which 
are connected lines 
leading to the next 
set of switches. 



Selening wiper which is 
stepped up to any one of 
the ten levels and rotated 
to select any contact or 
line on the level con- 
cerned. 


. V 
. V 



Fig. 249.— Principle of the selector. (Courtesy of the G.P.O. 

Crown Copyright). 


(The current also passes of course through the receiver, the coil 
260) and back again.) The exchange now makes the connection 
to the subscriber who is being called and sends an alternating 
current through his line. Now a direct current cannot cross a 
condenser ^ig. 248, aMf) but an alternating current can: so 
the dtemating current passes round the extreme right hand 
circuit and causes the bell (not shown) to ring. The 
subscriber lifts his receiver: thehook (above B)fliesupandconnects 
his microphone and telephone circuits to ±e battery. Now any- 
thing subscriber i says makes the current in the left hand drcidt 
vary in time with his voice vibrations: this induces an exactly 



^***'i*y‘i thouMods, hundteds and tens-and-unita are aucoessivelv 

the automatic ezeb^. (Coutteay of the G.P.O.— Crown 



CALLING SU0SCRIBCR 


CALLED SUaSCRIBED 



Fio. * 5 1 . — Showing 
the complete series 
of connections on 
automatic exchange. 
LS, line selector. 
I St S, thousands 
selector; and S» hun- 
dreds selector; FS, 
final selector (tens 
and \mits). (Courtesy 
of the G.P.O.— 
Crown Copyright). 
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similar cuKcnt Ml the right-hand drcmt. This, passing througn 
the receiver, is heard as speech. Anything subscriber 2 says makes 
bis current vary, so inducing an esactly similar variation in 
circuit I. Ihis after passing through the receiver in circuit i is 
heard as speech. This account is not, of course, the whole story, 
but it eiq)lains the main principles. 

The automatic system of connecting any two subscribers is 
fairly simple in principle, though the actual apparatus employed 
is very complex. Brie%, a dial sends out a particular set of signals 
depending on the figure to which it has been moved. Thus 6 
on the dial sends six equally spaced pulses of current to the 
exchange. These pulses operate selectors (Fig. 249). Let ns sup- 
pose the number dialled is 2346. The dialling of ^e first figure 2 
sends two pulses which have the effect of lifting a "wiper” 
(Fig. 250) connected to the calling subscriber to level 2000. The 
wiper Aen moves round a series of contacts until it "finds” one 
which is disengaged. This latter contact connects the subscriber 
to a second selector on which are all the lines between 2000 and 
2999. His next act is to dial "5.” This moves the wiper of the 
second selector to level 300 and it moves like the other over the 
contacts till it finds one disengaged. This last contact connects 
the caller to a third selector. On dialling the third number "4” 
the wiper of this rises to the 40 level and on dialling the last 
number "6” the wiper travels round the level to the sixth contact 
to which is connected number 2346 line. The system for dialling 
•the exchanges is an extension of the above system for dialling 
the numbers. 

Fig. 251 gives more details: LS is the line switch which searches 
for a disengaged selector and connects it up to the caller: ist S, 
and S, F.S., are the Thousands selector, Hundreds selector and 
Final Selector, which find the individual circuit called and connect 
with the called subscriber. 

The gramophone, a few years ago, was quite a simple instru- 
ment to explain. To-day, however, such complicated electrical 
machinery is used both in recording and reproducing, that the 
explanation that can be given in a book of this size must confine 
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itself to the simple principles of the subject. 

The gramophone record is a crooked groove whose waves 
reproduce by their sinuosities the compressions and rarefactions 
of a sound wave. A modern record is made by a very intricate 
process, the outline of which is as follows: 

The music to be recorded is performed in a sound-proof 
studio in front of a microphone which is a modified telephone 
transmitter. Just as in the telephone circuit, minute electrical 
currents are formed which are greatly magnified by a valve 
amplifier working on the same principle as tJiat of a wireless set 
(p. 503). The magnified current is then passed into the recording 
box of the recording machine. Plate XX shows the recording 
machine as used by the Gramophone Company for H.M.V. 
records. A turn-table like that of a gramophone — but more 
heavily built — revolves at an extremely constant speed. On it is 
mounted a disc of wax. In place of the sound box of the gramo- 
phone is a recording box in which the varying currents from the 
transmitter operate a magnet which pulls a sapphire-pointed 
needle to right or left in time with the current's pulsations. 
The recording box slowly moves inward and consequently the 
sapphire point cuts a spiral line which, however, is not a smooth 
spiral but is distorted into minute waves reproducing the form of 
the note. Plate XX shows a microphotograph of part of a gramo- 
phone record. As many as six discs may be recorded in order 
to get a perfect performance. The wax disc is then coated with 
an extremely fine metallic powder. This enters every groove 
and recess and makes the disc a conductor of electricity. It is 
placed in a bath of copper sulphate and connected to the negative 
pole of a battery, a copper plate being attached to the positive 
pole (p. 501). In this way a coating of copper is plated on to 
the disc; when it is thick enough, it is stripped away from the 
wax and forms an exact mould of its surface; instead of the 
grooves on the original wax, there are now ridges. From this 
shell of copper there is made (by plating processes like that 
already described) a hard steel model exactly like the copper 
shell. Two of these are mounted in a powerful hydraulic press. 
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A piece of gramophone record material — a complicated mixture 
of resins, etc. — is warmed till soft and squeezed between the two 
steel discs. They are heated by steam, then cooled by water to 
harden the disc, which can be lifted out when the press is opened. 
It only remains to smooth the edges and pack it. 



The gramophone on which the record is played consists first 
of a turntable. This may be driven by clockwork or electricity, 
but in either case must have its speed very carefully regulated. 
If the gramophone is to sound the same note as the artist sang, 
it must obviously turn at the same speed as that of the turn- 
table of the original recording machine. This is accomplished 
by gearing to the motor a gbvernor (Fig. 252), which consists 
of ^ree balls hung on springs. As this rotates, the balls are 
driven outwards centrifugally and so draw the “disc” to the 
right; the disc operates a brake which slows the mechanism. 
TTiis governor keeps the turntable moving at any required speed. 
The sound-box may be either electrical or mechanical. In either 
case it carries a needle which lies in the groove of the disc and 
which is moved from side to side as it follows the curves of the 
sound-track. In the mechanical type (Fig. 255) the needle fits into 
the stylus-bar which moves on a pivot and is connected at the 
other end to a springy diaphragm. 'Fhe motions of the needle are 
therefore followed by those of the diaphragm, and the air within 
is set in vibration. The vibrations are rather feeble as yet, so the 
sound is made to travel through a horn most carefully designed 
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Fig. 254. — The horn of a so-called hornless gxatnophone. 
(Courtesy of Messrs. Decca, Ltd.). 


do. Its small and stiff diaphragm has a natural high period of 
vibration and so gives a squeaky tone to everything it utters. 
The vibrating part of a loud-speaker should therefore have a 
natural period of vibration (if any) much greater or much smaller 
than the human ear can appreciate and it should respond to high 
and low frequencies alike. 

The moving-coil loud-speaker has a flat cone of parchment, etc., 
attached to a coil of wire through which the varying current flows. 
This coil hangs in a powerful magnetic field. As we have seen 
a wire bearing an increasing or decreasing current moves in a 
magnetic field, and the greater the variations of the current the 
greater the movement. Consequently the coil and cone vibrate in 
time with the variations of the current passing through them. 
Such an arrangement (Fig. 255) gives an almost perfect repro- 
duction of sound. 



Fig. 2^4a . — Electrical pick-up. TTic 
armature moves in time with the 
motion of the needle (left). Any 
motion ot it fromthe vertical will make 
it bridge the between the poles of 
the electromagnets more completely. 
This increases their magnetism and so 
^ induces a current in their windings, 

These curias pass to the loud speaker and produce the sound. (Courtesy of 
TAff WtreUss World,) 
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Fio. 255.— The moving-coil loud speaker. (Courtesy of the Oxford University 
Press and Mr. R W. McLachlan, from the latter’s LoudspeaMirs,) 
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ULTRASONIC WAVES 

Compression waves of greater frequency than lo^ooo per 
second and wave-lengths of less than half an inch cannot be heard 
by the human ear. Dogs are thought to hear higher notes. Sound 
waves of higher frequency than tiiis (20,000 to 1,000,000 vibra- 
tions per second) are called ultrasonic. These waves are not only 
interesting but are of practical advantage. Just as the short-waved 
light can be projected as a sharp beam and long radio waves 
cannot, so ultrasonic waves can be projected in a beam while 
sound cannot. This is the reason why ultrasonic waves are used 
in the echo-sounding apparatus described on pp. 388-389. 

It will be obvious from what is said on p. 368, that to produce 
these very short waves the vibrator must have an enormous 
*‘restoring-force,” and not too great a mass. The vibrator is 
usually a piece of quarta or steel. A short column of air in an 
organ pipe or whistle may vibrate 1000 times a second. A column 
of steel of the same dimensions set vibrating will have roughly a 
million times the restoring force and a thousand times the density 
of the air: the effect is that it vibrates vastly quicker. How can we 
set a short piece of iron vibrating? If we make an iron rod into 
a magnet, it becomes slightly shorter, presumably because its 
molecules all attract each other. So, if we send an alternating 
current through an electromagnet and make the current alternate 
in the vibration time of the iron — ^perhaps 100,000 alternations a 
second would be suitable — the iron core will be kept vibrating 
in its natural period. Alternating current of suitable frequencies 
can be got by discharging a condenser, much as in the old- 
fashioned spark radio-transmitter (p. 500). 

The amount of energy these waves carry is much greater than 
that of sound waves. If a glass rod is made to vibrate vigorously 
at ultrasonic frequencies and is then held between the finger and 
thumb, it burns the skin. If water is set vibrating at these fre- 
quencies.. small fishes or frogs, algae, infusoria, etc., may be killed. 
An animal exposed to them shows marked destruction of the 
blood corpuscles. 
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Ultrasonic waves ate transmitted very much as is light: they 
cast shadows, can be refracted, readily give interference effect, 
etc. Their chief practical value is for underwater signalling and 
echo sounding. An ingenious apparatus, on the same principle 
as the echo sounder, has been devised by which icebergs can be 
deteaed at a distance, even at night or in fog, by their reflecting 
a beam of ultrasonic waves sent out from a ship, and apparatus of 
a very similar t)rpe is used in the various forms of submarine 
detectors. 

It has been suggested, with much probalulity, that bats steer 
their way in total darkness by emitting an ultrasonic note and 
receiving echoes from objects in their neighbourhood. 
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ELECTROMAGNETIC WAVES 

"'HE greatest group of radiations or waves is the famiiy of 
electromagnetic waves which include “wireless-waves,'"' 
light. X-rays, etc. It is rather important to understand what an 
electromagnetic wave is. It is not a travelling alteration of the 
shape of a surface like a water-wave, nor is it a travelling com- 
pression of a material like a sound-wave. It is a moving electric 
and magnetic field travelling at die vast speed of 186,300 miles a 
second. Let us try to form a clearer picture of this electromagnedc 
wave. The first thing to grasp is that an electric charge, when 
speeding up or slowing down, causes a magnetic field of force 
to be produced, and that an increasing or diminishing magnetic force 
likewise induces an electromotive force. It has been proved, by 
experiment, that the attraction of a magnet is not instantaneous. 
It travels with the same speed as light (186,300 miles a second). 
Thus, if a vast electromagnet were suddenly switched on, it 
would not begin to attract an iron meteor, hanging in space 
186,300 miles away, until one second had elapsed. 

Suppose we have a rapidly varying electric field such as might 

be caused by an oscillating 
electric charge. As the electric 
charge varies, so a varying 
magnetic field will be pro- 
duced. Consequently Fig. 256 
gives some notion of what is 
happening in an electromag- 
netic wave such as light. As 
thewavetravelsinthedirection 
so the electric field (plain 



Fig. 256. — Diagram illustrating an elec- 
tromagnetic "wa^^. The wave-lines arc 
graphs showing bow the strength and 
direction of the electric and magnetic 
forces vary; in the actual raefiation 
there is nothing shaped like a wave. 
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'rhe coiled C(iil filament. (Bv courtesy of Messrs. Ma/da, lad.) 



Mercury ripples set 
in motion by two 
points attached to a 
tumng fork. Note 
interference. . (By 
courtesy of the 
Philosophical Maga- 
r^im and Messrs. 
Taylor & Francis.) 









PLATE XXII 



(Alme) Projcct<)r of lighthouse. (By courtesy of 
Messrs. Chance Bros., Smethwick.) 


(Cen/re) Part of line spectrum (lithium carbonate in 
arc between copper poles) taken by quartz spectro- 
graph. (By courtesy of Messrs. Adam Hilger, Ltd.) 


{Beluu’) All metal quartz prism spectrograph. (By 
courtesy of Messrs. Adam Hilger Ltd). 
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Ugbt Waves 

line) rises and falls, while the niagnetic field (dotted line) rises and 
falls in time with it. The direction of the magnetic force is at right 
angles to that of the electric force. There is really nothing at all 
going up and down in the wave. The wavy lines are simply graphs 
showing how powerful the electric and magnetic forces are at each 
point of their travel. Thus there is, in the wave, a magnetic force 
rising and falling like a wave and an electric force rising and 
falling in the same way in time with it. The thing, then, to remem- 
ber about wireless waves, light. X-rays, etc., is that they are 
streams of pulses of electric and magnetic force. 

Sound-waves require matter to transmit them. Electro- 
magnetic waves pass unhindered through a vacuum. Arc 
these waves carried by anything or can the pulses of magnetic 
and electric force travel through nothingness? At one 
time it was considered that force could only act through a 
material medium of some kind and so an ‘‘ether” was invented, 
filling all space, so that these forces should have something to 
act upon. But when we tried to discover something about it we 
came on contradictions. One set of experiments proved it was at 
rest: another set that it was moving. No one found any direct 
experimental evidence that this ether really existed, and though 
it is very difficult to picture a force acting in emptiness, it is 
unscientific to invent an “ether” for this reason alone. 

THE DIFFERENT KINDS OF ELECTROMAGNETIC WAVES 

These electromagnetic waves may, as far as we know, be of 
any wave-length and frequency. The longest we can detect are 
of the order of some miles, the shortest are as* small as the 
thirtieth part of the diameter of an atom. We group sound w^ves 
into a “scale” with the shortest wave lengths and the highest fre- 
quencies at the top. As we go up the scale, each time the frequency 
is doubled we say we have traversed an octave. 

The frequencies of light waves are much greater than those of 
sound waves. Since light travels 30,000,000,000 centimetres a 
second, the number of waves per second (frequency) will be 
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50,000,000,000 divided by the length of the wave in centimetres. 
The wavelength is the usual way of expressing the type of electro- 
magnetic wave, but the frequency in cycles (waves per second) 
or in kilocycles (thousands of waves per second) is often used. 

The table below shows the scale of electromagnetic radia- 
tions. It extends over some 60 octaves, of which the eye can 
detect but one. The most important part is near the frequency 
of light and this part of the scale is reproduced in enlarged form 
on the opposite page. 

ELECTROMAGNETIC WAVES 


Ty^ 

V 

Wave. 

Wave- 
lingtb 
A.V. - 

cm. 

Frequenqf 
{vibrations 
; per sec,) 

Soisree, 

Behaviour. 

7-tay* 

0.03 to X.4 
A.U. 

10^® to 

2 xio^* 

Explosion of 
the nuclei of 
atoms. 

Invisible. Like very pene- 
trating X-rays. 

X-iays 

0.5 to 
1000 A.U. 

6 X 10^* to 
5 Xio^fi 

Bombardment 
of matter by 
electrons. 

Invisible. Penetrate all 
kinds of matter. Are not 
normally reilected or re- 
fracted. 

Ultra-violet 

light 

25 to 
4000 A.U. 

10^’ to 
8X10I® 

Glow of ion- 
ised gases 
and hot 

bodies. 

Inviisible. Chemically 

active. Arc reflected and 
refracted. Affect photo- 
graphic plates. 


4000 

to 

8000 A.U. 

8X10I® 

to 

4 X 10^® 

Glow of ion- 
ised gas and 
hot bodies. 

Visible. Easily reflected 
and refracted. Affects 
photographic plates. 

Infta-rcd and 
“residual” 
rays 

8000 to 
4,000,000 
A.U. 

4 X lo^® 

to 

7 X loll 

Radiation 
from hot 
bodies. 

Invisible. Affect photo- 
graphic plate very 

slightly. Do not at all 
easily penetrate matter. 

Hertzian 

waves 

10® to 
3X10I® 
(i^ mm. to 
20 miles) 

3 X xoi® to 
10,000 

1 

Spark dis- 

charges, Os- 
cillating 
valves. 

Invisible. No effect on 
photographic plate. Not 
easily reflected. Will set 
electrons moving. 

Slow oscil- 
lations 

5 X 10'® to 

5 X loi® 
20 to 1 
2000 miles i 

10,000 j 
to too 

Coil rotating 
in magnetic 
field 

Mechanical and heat 
effects produced. 
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Wave- 

length 

in 

A.U. 


Type of 
tadiatioo 


Trans- 
mitted by 


Effect on 
photo- 
graphic 
plate 


I 

Effect on eye I 


2000 


5000 


) Far 
[ ultta- 
j violet 

\ Middle 
[ ultia- 
J violet 


Quartz 


\ Also 
by 

J Vitaglass 


Invisible but 
destructive in 
excessive 
quantity 


4000 


Near 

ultra- 

violet 


5000 


Affect 

ordinary 

plate 


Visible ai vio- 
let light 
Visible ai blue 
light 

Visible as 
green light 


6000 


Light 


Glass 
Down to 
20,000 


A.U. 


Visible as 
yellow light 


Other effects 


Not present in sun’s 
rays. Giuse serious 
bums 

Present in sunshine. 
Cause sunburn and 
in excessive quan- 
tity inflammation, 
eta Produce Vita- 
minDinskin 


Utilised by green 
plants in con- 
verting carbon di- 
oxide and water 
into sugar and 
starch 


7000 


8000 


Infra- 

red 


Affect 

specially 

sensitised 

plates 


Visible as red 
light 


Invisible 


Produce sensation 
of warmth 


These fadiations seem at. first utterly different. Wc cannot 
perceive waves of radio-frequency at all without some sort of 
detector. Infra-red rays can be felt as “radiant heat.” Light rays 
can be seen. Ultra-violet rays and X-rays are invisible but make 
glass and other things glow. The y-rays of radium are invisible, 
but will damage the skin exposed to them. What have these rays 
b common that we group them as “electromagnetic”? Firstly, 
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they are all, as far as we know, generated by moving electric 
charges. Secondly, they travel without any material medium; 
thus, unlike sound, they travel as well, or better, through a vacuum 
as through air. Tliirdly, they all, as far as we can tell, have the 
same velocity of about 186,300 miles a second. The great 
difference between them is due to the fact that they travel in 
different-sized quanta or packets (p. 433) and these ate capable 
of doing different quantities — and kinds — of work. 

Light may be taken as the typical electromagnetic radiation. 
We are all exceedingly familiar with it, and so we will discuss it 
first and then go on to talk about the longer- and shorter- waved 
radiations. 


UGHT 

From the explanation at the beginning of the chapter it should 
be possible to have some notion of what an electromagnetic wave 
is; the next step is to understand how light is known to be made 
up of these waves. That light is travelling can be clearly seen from 
the experiments (pp. 430-432), in which its velocity is measured. 
Now the only things we know that travel are matter and energy. 
Are light-rays matter? It was thought a couple of centuries 
ago that they were a hail of tiny particles, rather like the cathode- 
rays (pp. 293, 294), which of course were then unknown. Well, 
there is no very obvious reason against this view, provided the 
particles of light had very little weight. An object like a flash 
lamp (sealed to prevent evaporation of liquids or escape of 
gases) does not get measurably lighter as it shines; so evidently, 
if light consisted of material particles, they would be very small 
ones indeed. 

The chief piece of evidence to the physicist is that light behaves 
and is generated and moves in a way he can predict from calcu- 
lations about electromagnetic waves; but as we cannot follow 
him into these regions, we must be content with something 
simpler. The most convincing piece of evidence is that two 
vaves going the same way can cancel each other out and can make 
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a calm — ^no wave; but two particks going the same way can only 
make two particles and cannot cancel. If two portions of light 
can make darkness, it cannot be made of particles but must be 
made of waves. Let us see how two sets of waves can cancel. If 
we set two trains of waves travelling from places half a wave- 
length away, the crests of one will be in the troughs of the other 
and so there will be no wave leftl Plate XXI shows a photograph 
of ripples on mercury, started by a tuning fork. It is easy to see 
that where a crest meets a trough no wave is to be seen. Now we 
cannot repeat this with two lights instead of the two tuning fork 
styles, because two lights do not keep in step like the arms of a 
fork; but we can show it if we use two portions of the same light. 
Nevertheless, as we shall see (p. 433), light and all radiation 
resembles particles in that it does not come ina continuous stream, 
but in its small packets we call quanta. 

INTERFERENCE 

The simplest way of showing that this can be done is to blow 
a soap bubble and look at it in light of a single colour. Instead 
of seeing films of colours, the bubble is seen to be mottled and 
striped in black and the colour of the light used. The whole film 
is equally illuminated with light. Yet in some parts of the film 
no light is seen. 

You can see this for yourself by blowing a soap bubble in front 
of a gas fire and then throwing several pinches of salt on the 
red-hot radiants. This gives yellow sodium light which is almost 
aU of a single wavelength. A better sodium light is made by 
heating in a Bunsen burner a piece of asbestos strihg, previously 
dipped in strong brine and dried. 

A simpler way of showing this is to press together two pieces 
of plate glass. Irregular dark and light bands and stripes can be 
seen, though there is nothing there but two pieces of transparent 
glass and a film of transparent air between. 

On the wave theory the light is a succession of troughs and 
crests, really maxima and minima of electric or magnetic force. 
In Fig. 257 the light rays are shown as striped bands, the dark 
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TROUGHS AND TROUCnSAND TKOUCMS AMS TROUGHS AND 
CRESTS CRESTS CRESTS CRESTS 

REiNfDRCt CANCEL REINfORCE CANCEL 


LICMT DARKNESS LiCMT ^RKNESS 

Fig. 157. — ^Interfcfenoe. Light is ttflected at full sttength when reflected 
from ^ms of certain thicknesses but extinguished when reflected from 
others^. 

parts representing troughs and the light parts crests. These rays 
are reflected at the top of the film and at the bottom of the film, 
and if these ate J or | or i J wave-lengths apart, no light will be 
tefleaed.^ If the film surfaces are o, i, ij, or a whole number 
of wave-lengths apart, the troughs and crests will reinforce each 
other and the light will be reflected. For thicknesses of fractions 
of a wavelength like if wavelengths, the light will be partly 
reflected and partly not. A soap bubble looks coloured in white 
light because this is a mixture of lights of all wavelengths, each 
wavelength causing in our eyes the sensation of a particular 
shade of colour. If the film at a particular place is of the right 
thickness to “interfere” with, say, yellow light, this will be 
destroyed, but the other coloured lights will not be affected and 
the mixture of all colours but yellow reflected back to the eye, give 
it the sensation of violet. As the soap bubble changes in thickness, 
so the colours change too. 

This interference gives us a way of measuring the wavelength 

^ This indicates the pHmiph of interference in its simplest form. Actually the 
matter is complicated by there being a change of phase (e.g. from trough to crest) 
on Inflection. This actuaUy reverses the ateve results, films of } wavelength^ 
etc.» giving brightness and those of x, i}, etc., giving darkness. 
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of light, because the thinnest film 
which causes interference is half a 
wave-length thick. An ingenious 
way of measuring this film is by 
means of Newton’s rings. A 
weak spectacle lens of about i 
metre radius of curvature (i.e., as 
much curved as the surface of a 
ball, a metres in diameter) is laid 
on a glass plate and the light of 
which the wave-length is to be 
measured is made to shine on it. 

The film of air between the lens 
and plate gets thicker as we go outward from die centre, and a little 
geometry enables us to calculate the thickness of film at any given 
distance from the centre — ^in the above instance the thickness of the 
air film in centimetres will be if^nth of the square of the distance 
from the centre. Thus, at i cm. from the centre, the film will 
be 7C0th cm. thick; at i mm. from the centre it will be mm. 

thick. When a lens and plate are illuminated thus, a neat set 
of concentric light and dark circles is seen, and by setting up 
the arrangement so that it can be viewed with a low-power 
microscope, the innermost ring can be measured; and for sodium 
light and a lens of i metre radius of curvature is just over a milli- 
metre in diameter. Hence it can be calculated that the film of air is 
0.00001473 cm. thick at this point and the wavelength of sodium 
light is four times this figure, 0.00005 893 cm. The use of this for 
testing lenses is described on p. 474. These phenomena of 
interference cannot be explained by any theory inVluch light is 
regarded as a material particle. They prove that light must be a 
wave-motion, but they do not prove it to be an electromagnetic 
wave-motion. Light cannot be a kind of wave depending on the 
motion of matter as do water-waves, because it travels through 
a vacuum. 

The first piece of evidence that light is an electromagnetic wave 
is that the velocity of light is the same as the electromagnetic 
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waves made by a moving electric charge in a wireless transmitter. 
The velocity of light is slower in any transparent medium like 
glass or air than in a vacuum, and Ae amount of slowing up 
tliat an electromagnetic wave would display can be calculated, and 
is just the same as the amount of slowing up of light. Several 
other odd facts such as the alteration of die frequency of light 
by electric and magnetic fields show that it must be electromag- 
netic. The strongest evidence, however, is that calculations 
based on the hypothesis that light is an electromagnetic wave 
explain perfectly the way it is reflected and refracted and also 
its dispersion — the way it is scattered by particles and bends 
round very small obstacles. 

THE SPEED OF UGHT 

It is very important to be able to measure the velocity of light 
accurately because a great deal of the force of the arguments for 
the theory of Relativity depends on it. 

There are several good ways of doing this: Michelson’s method 
will be described here. Its accuracy may be judged by the fiict 
that the apparatus as described here proved that light travels 
faster than 299,792 and slower than 299,800 kilometres a secondl 

First of all it must be realised that when a ray of light hits a 
mirror at an angle it “bounces” off (i.e. is reflected) at the same 
angle, much as a billiard ball bounces off the cushion (p. 453). 
Michelson sent an intense ray of light (Fig. 2)9A) through a fine 
slit on to an octagonal mirror which cotdd be made to spin at 
a speed which could be varied and could be read off on a revo- 
lution counter. If the octagonal mirror is not moving, the ray 
of light is reflected by two mote mirrors along the path i, 2, 3, 4, 
and there strikes a big concave^ mirror which reflects it to 
another concave mirror (5) twenty-two miles awayl This mirror 
is very accurately set so as to reflect the ray to a little fixed 
mirror (6) and tiien (7, 8) all the 22 miles back again to the 

2 Used because, if the lay shifts, a concave minor vill still leflect it in the same 
dlnctioii. 
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Fig. 259. — ^Michelson's apparatus for determining the velocity of light. ^ 

Other concave mirror. From this it goes via two more mirrors 
(9, lo) back to the octagonal mirror (ii) which reflects it into 
a telescope. This is set so that the eye sees the slit, after its 
light has travelled this long journey, as a bright line lying on 
an illuminated scale (marked on the eyepiece of the telescope). 
Now set the mirror spinning. As it goes past the position shown 
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in the drawing, the light will be reflected and run along its 
44-milc path (i, 2, 3, 4, 5, 6, 7> 8. 9. ”)• but here at ii the 

light will not find the mirror in the same position as it had 
when the light started. It will have moved on, say, to the position 
shown in Fig. 159B and nothing will be seen in the telescope. 

But keep on speeding up the mirror. The time will come 
when the light will hit face a, travel its 44 miles and find that 
while it has been away the mirror has made ^ of a revolution 
and face of the mirror has exactly taken the place of face e. 
The light will then enter the telescope and be seen once 
more. 

So the procedure is to set the telescope so that the light can 
be seen. Set the mirror turning and speed it up till the light 
disappears and then appears again. Then determine how fkst 
the mirror is spinning. Suppose the mirror moves at 525 revolu- 
tions a second. Then 4 of a revolution takes — ^ — =» — i- 

8 X jaj 4200 

seconds. In this time the light has travelled 44 miles. So in one 
second light would travel 4200 X 44 miles = 184,800 miles a 
second. (The figures are taken only as an example; the correct 
value is 186,500.) 

Another way of using the apparatus is to have the concave 
mirrors only a few yards apart and then see how many divisions 
on a scale in the eyepiece of the telescope, the line of light shifts 
when the mirror is spun. This makes ^e apparatus much more 
compact, though not so accurate. In this way the velocity of light 
in water can be measured, for a long tube of water with glass 
ends can be put so that the light goes through it. G>nsequently 
it can be shown that light travels more slowly through water than 
through air. 

As light is an electromagnetic wave, one should be able to 
get it by making an electric charge vibrate. But its frequency is 
something like 10^ waves per second, and we have not yet 
found a way of making an electric charge vibrate so quicldy. 
The shortest waves made in this way are of wavelength about 
0.01 cm.-Hfive thousand times as long as light waves: they ate 
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long heat-'waves and have much of the chatactet of light without, 
however, being able to ailect the eye. 

QUANTA 

A remarkable discovery without which we should know very 
little about the way light is given out by atoms, especially atoms 
of a gas, is the quantum theory of Planck. The essential point 
is that when vibrating electric charges radiate electto-magnedc 
waves, these are always given out in separate ‘‘packets* called 
quanta, consisting of a few hundred or a few thousand waves. 
A quantum of energy is not a fixed thing like an atom or electron, 
but its size depends on the number of vibrations the electric 
charge makes every second. The best way of measuring the size 
of the quantum is by the rule that the total energy of the quantum 
in ergs is 6.55 x lo"®’ times the number of vibradons per 
second. This number is called Planck’s constant. A quantum is 
such a small packet of energy that even a fiseble source of light 
like a candle gives out 3 X 10®* quanta per second. The stream 
of quanta from a candle is so rapid that there is no way of seeing 
that the light comes in quanta at all. 

This quantum theory enables us to calculate correctly a 
number of things about light and heat which could not be worked 
out correctly before, though most of these cannot be treated 
without ma^emadcal reasoning quite out of the depth of this 
book. It does, however, help us to understand how light is 
produced, and it has been invaluable in the study of the workings 
of single atoms, which were quite unintelligible without it. 

HOW GASES GliOW 

The greatest puzzle that the quantum theory unravelled was the 
explanation of the very odd sort of light that glowing gases 
produce. Glowing gases are fiimiliar to us in neon signs and ^ose 
blue-green mercury lamps which illuminate arterial roads. 

Simpler examples ate the brilliant ted, blue and green flames 
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seen in fireworks and, easiest of all to study, the yellow flame 
seen when ordinary salt is heated in a gas burner. If you throw 
a tiny pinch of salt on to the glowing fireclay of a gas-fire, this 
yellow flame is very easily seen and is due to the vapour of the 
sodium in the salt, glowing in the gas flame. 

Now if you measure the wavelength of any of these kinds of 
light (best with a spectrograph, p. 463) you &d that, unlike the 
light from an electric filament or a red-W poker, the light is only 
of a few wave-lengths. Nearly all of the yellow sodium light is 
of one wave-length, 5893 A.U. (frequency 5.09 x io“), whereas 
the electric filament lamp emits light of every frequency we can 
measure. 

The neon lamp gives visible light of a dozen or so main 
frequencies, the mercury arc lamp of only four. How is it, then, 
that the light from a glowing gas is “tuned” to a few fixed 
“light-notes”? 

Now the atoms in a gas are not moving over any fixed or 
regularly repeated path. They are merely dashing about from 
place to place in a quite confused fashion, colliding frequently. 
The average time between two collisions in a gas is far longer 
than the frequency of any light wave, so we should expect 
(as we find) that most gases do not glow when they are heated. 
Air at a ted heat or hotter gives out no glow at all and the 
oxyhydrogen flame gives only a slight blue glow although 
its temperature is probably 2500^ C.; a piece of solid held in 
the same flame gives a blinding white light. 

Why, then, do some gases glow? The answer is that the atoms 
are not vibrating but something like a vibration is going on 
inside them. 

An atom, we have seen (p. 27), has a small heavy kernel of 
positive electricity and round it a cloud of light negative elec- 
trons. The work of Niels Bohr and others has proved that these 
electrons are grouped according to the amount of potential 
energy they have got. In different kinds of atoms the nucleus 
may have from one to ninety-two electrons grouped round it, 
and these ate grouped, we believe, in layers rather like the coats 
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of an onion. Fig. 260 shows the grouping in an atom of 
strontium, an element whose vapour glows brilliantly red. 


We may number these i, 2, 
group can only contain a 
limited number of electrons, 
but the electrons can move 
from one group to another 
if this latter has less than its 
full complement of elec- 
trons. Thus the electrons in 
the fourth ring of the stron- 
tium atom (Fig. 260) could 
jump to the fifth. But, since 
the positive nucleus attracts 
the negative electrons, some 
work must be done to pull 
them from an inner group to 


,, 4, 5, etc., from the inside. Each 



Pig. 260.— Diagram of a strontium atom. 
The positions of the electrons (small 
circles) are not meant to be exactly in- 
dicated. The essential feature is the 
existence of electrons in concentric 
groups having different energies. 



electrons arc caused to jump from posi- 
tions where they have smaller potential 
energy (A) to positions with consider- 
ably greater potential energy (B). Inter- 
mediate states ate not possible. When 
the electron jumps back, to a position, of 
less energy (A), the energy lost apoears 
as a quantum of light* 


an outer one. This work 
must be supplied from out- 
side; thus in the neon-tube 
it is the electric energy that 
moves the electrons to their 
new places; in a red firework 
it is the energy of the col- 
lisions between the strontium 
atoms. Now, when an elec- 
tron has been gaoved from an 
inner group to an outer 
group and then jumps back 
from an outer group to an 
inner group, its potential 
energy— the possibility of 
doing further work — be- 
comes less and this energy 
appears as light. Now the 
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The hydrogen bums to steam and the carbon is made “yellow- 
hot” in the flame and gives out the light. When it gets to the 
edge of the flame where oxygen abounds, it bums, forming 
carbon dioxide gas. 





and fozm 17 carbondioxide mole* 
cules and 18 water molecules in 
violent heat-motion 


8 ^ ? cP^ 






and make 18 hydrogen molecules 
(which bum to steam), and 17 carbon 
atoms which become grouped into 
solid particles, the atoms which 
vibrate and glow. 



The carbon particles meet god burn forming 

more oxygen at the outside carbon dioxide 

of the flame 

This explanation, with small difierences, holds for the lamp 
which chiefly differs in requiting an artificial draught to bum up 
all the carbon in its big flame. If the flame is too big for the 
amount of air, the lamp smokes and we find the carbon on the 
ceiling. 
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But why does the particle of carbon emit light? It is a mass 
of carbon atoms, each made up of electrons and the violent 
battering by the molecules of the hot gas sets the atoms vibrating 
strongly. Now, the atom-centres are about xo"® cm. apart 
and we might not be far out if we thought they travelled about 
io“® cm. each time they vibrated. The glowing carbon atoms 
would be expected to have an average velocity of about 
5 X lo® cm. per second, so they should complete their vibrations 
in about 5 x second, and should give light waves of about 
this frequency. Light travels at 5 X 10^® centimetres a second, so 
each wave would be 3 x 3 X 10^® X cm. long = 9 x io~® cm. 
This would be a little more than the wave-length of red-light 
(about 8 X io“* cm.), but since different atoms are moving at 
(Afferent speeds and other factors, such as the distance they travel, 
are not accurately known, the agreement is not bad. The light 
from a hot body is a mixture of all kinds of wave-lengths, from 
long heat waves upward to light or ultra-violet light. It is only in 
such a mixture of wave-lengths that we can see colours. Light of 
only a few wave lengths makes colours look entirely different, the 
mercury lamps now used on arterial roads show this well. 

It is not easily possible to get more light from a lamp or 
candle by making Aeir flames hotter. The oil produces a fixed 
amount of energy, which is used up in light and in heating the 
incoming air and the outgoing gases. The only possibilities seem 
to be, first, to heat the air before it comes to the lamp. This 
would mean that since the air started hot, the heat which would 
normally be put into it would go to heat the flame hotter and so 
make more light be given out. I do not know if^s has been 
triedl The other way would be to supply pure oxygen instead 
of ait. The flame would not then have to heat up the useless 
nitrogen of the air and so would get far hotter. The lamp would 
of course have to be re-designed, for cither of these expedients 
would be dangerous and ineffective if applied to the ordinary oil- 
lamp. Actually, the best answer to the problem of getting light by 
burning things is the incandescent mantle. This can be used with 
an oil flame (as in the Aladdin lamps) or with a gas flame, as in 
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the ordinary incandescent burner. The principle in each case 
is to give the flame so much air that it burns up all the carbon 
before it has a chance to glow. This gives a hot blue flame which 
plays upon a mantle, a thimble-shaped network of a mixture of 
thorium and cerium oxides. These oxides glow in a peculiar 
way, emitting a greater proportion of rays of light-frequency 
than anything else does. A wire-gauze mantle in the gas flame 
would not give a hundredth of the light. 

A gas mantle can be made in two ways. In one, “ramie fibre,” 
obtained from a plant of the nettle family, is knitted into a long 
‘"hose,” which is cut into lengths and sewn up to make the closed 
end. The fabric is soaked in a strong solution containing thorium 
and cerium nitrates with nitrates of beryllium and calcium and 
magnesium which strengthen the mantle. 

The wet mantles are squeezed in a kind of mangle, dried on 
glass shapes and burnt off, leaving the fragile skeleton of thorium 
and cerium oxides. The skeleton is dipped in a kind of celluloid 
solution to give it strength enough to travel; this is burned off 
when the mantle is first used. 

In the second method artificial silk is used and may be even 
better than ramie fibre. 

No one has ever satisfactorily explained why this mixture of 
thorium oxide with a little cerium oxide should shine so brilliantly. 
It may be that the gas and air molecules actually combine on the 
cerium oxide surface and so impart their energy directly to it. 

The hotter the flame, the better the light from the mantle. 
The best light is obtained by using high pressure gas, which can 
be mixed with much air without “popping back.” It is possible 
to get a light of 27 candle-power for an hour from a cubic foot 
of gas on this system, whereas 18 c.p. would be good in a low- 
pressure gas mantle. The incandescent mantle is less and less 
used indoors, as it is much less convenient than electric filament 
lamps; all the same, it remains a popular way of lighting streets 
because of the convenience of having single lights of very high 
power and because of the cheapness of gas as a source oi 
energy. 
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FILAUENT LAMP 

llie necessary portion of a filament lamp is a fine thread of 
conductive material which is heated by the passage of an electric 
current. The desirable thing about such a thread is that it shall 
bear heating to the highest temperature possible, because as the 
temperature is greater, so the percentage of the energy turned 
into light becomes greater too. The first electric lamps (Fig. 263) 
had filaments made of carbon. These were poor in comparison 
to the filaments of the modern lamp because they could not be 
heated above about 1750® C. without turning into vapour. The 
vapour was indeed slowly formed at this ten^erature, and con- 
densed on the glass, cutting off the light. 

The next stage was to discard carbon altogether and use a 
metal which had a very high melting point' — above 2000® C. — 
and which would not turn into vapour. Metds with high melt- 
ing points do not vaporise at all quickly. Their atoms are &r 
heavier than those of carbon and so do not fly off so easily. First 
of all, osmium, a rare metal like platinum, was tried, then 
tantalum — another rare metal. They were improvements on 
carbon, but were very expensive. Another metal, tungsten 
(p. 72) had long been known. Its melting point was known to 
be tremendously high and it seemed most stiitable for filaments, 
but it could only be obtained as a powder which could not be 
melted into a bar and drawn into wire. However, a way of doing 
this was discovered. The metal, made from wolfram — an ore 
found largely in Australia — ^is obtained as a fine dark grey powder. 
To turn this into a bat of tungsten, it is packed into a steel box and 
squeeaed solid by tremendous force from a hydraulic press. This 
makes it into a very brittle bar, which can just be handled without 
breaking. Now this bar is placed in an atmosphere of hydrogen — 
the oxygen of the air combines with hot tungsten — and heated 
by a powerful electric current which makes the powder-grains 
stick together and make a metal rod. Then an ingenious machine 
heats it white hot and hammers it vigorously in a vacuum, and 
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Bnally squeezes it into a solid tod. Next this is dxawn into wire 
in the way illustrated in Fig. 19. The dies have to be made of 
diamonds; nothing else csould stand the strain, and even these 
become worn in time. In the most modem type of lamp this 
tungsten filament is wound into a coil and this is coiled on itself. 
This process makes the hot filament cool much less quickly 
consequently the same quantity of electricity makes it far hotter 
than a straight filament and as we have seen, the hotter the wire 
the greater is the proportion of electricity whidi is turned into 
useful light. 

The spiral is cut into lengths and su{^orted, as shown in 
Plate XXI. The lamp is then as completely evacuated as possible 
and argon or some other gas which does not affect tungsten is 
allowed to enter it. 

The older lamps had their filaments in a vacuum. Now water 
evaporates more rapidly in a vacuum and so does tungsten. The 
only limit to the temperature to which you can heat the filament 
is the temperature at which tungsten turns into vapour appre- 
ciably. Tlfis thins the filament and finally breaks it. By ^ng 
the lamp with gas, the tungsten evaporates less and can safely be 
made hotter. 

The modern filament lamp is unchallenged for domestic 
lighting. For street-lighting it competes in a fairly even contest 
with high-pressure gas-mantles and electric gas-discharge lamps. 

WHY GASES GLOW 

It is believed that the method of lighting which is likely to 
displace all others is lighting by glowing gas. We have already 
seen that an atom of gas emits light (pp. 435, 436) when an 
electron in the atom jumps from a “place” where it has much 
energy to a place where it has litde. Very well, then; if an atom 
is to emit light, an electron must jump from a higher group to 
a lower group. Since there are only a limited number of “places” 
in each group, one must be vacant for this to happen; and heat 
or electricity is able to make a gas glow by turning electrons 
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out of theif usual places and so making vacant spaces for the 
othet electrons to jump into. Suppose a gas is made very hot; 
an electron absorbs energy from the force of the collision of the 
heated atoms and hops to a higher group or even right out of 
the atom. Immediately another electron in a higher group hops 
into its vacant place, and in doing so sends out a quantum of 
light. Electrical forces too (as in the neon-tube) may drag an 
electron out of its place and allow another electron to jump back 
into the vacant seat and so send out light. 

It is the attraction of the nucleus that keeps the electrons in 
the atom. Accordingly, those electrons in the innermost ting neat 
the centre of the atom are very difficult to force out, and they 
can only be ejected by the gangster’s method of bombarding 
them with a stream of high-speed electron-bullets. 

When one of these electrom is removed, an electron from the 
second ring jumps instantly into the vacant place. Since the 


jump means a big energy change, the frequency 


E 

6.55 Xio~” 


is very high and instead of light we have the very short wave- 
length X-rays. Less brutal but still vigorous treatment may 
remove one of the second rank electrons. When its place is filled 
from the third rank, a rather less violent energy change occurs and 
the light frequency is less — we get ultra-violet rays. The third 
rank electrons are fairly easy to displace^ and when their places 
are refilled no very great energy changes occur. These fairly small 
energy changes give out the waves we call light, having wave- 
leng^ from 3600 to 7600 A.U. Now there are ninety-two kinds 
of atoms. They all have the same sort of electron grouping as 
the sodium atom (Fig. 26z), but they have from one to ninety- 
two places filled and their nuclei have very different attracting 
powers. The result is that while each element gives out light 
of certain fixed wave-lengths, the wave-lengths ate different 
for each. Any light can be sorted out into wave-lengths by 
the spectroscope (pp. 463, 464), and by examining these wave- 
lengths we can tell what kind of atom gave them out and how 


1 We ate heie ooniidering a £tidy itnall atom, e.g., sodium or aeon. 
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vigorously it was being "excited” by electridty or by the heat- 
motion of the surrounding atoms. Thus, we can examine the 
light from a star, so far away that the light we see started on its 
journey before civilisation existed, and has travelled at 186,300 
miles a second ever since. This light will probably contain the 
same set of wavelengths as we find in the light from glowing 
sodium vapour on earth; if so, we know that the incredibly 
distant tempest of glowing gas at the star’s surface contains 
sodium! In this way we have found out that all the stars contain 
some of the same elements as the earth, and that there is no evi- 
dence that any of the stars contain elements not known on earth. 

We now have some idea how a glowing gas emits light of a 
few fixed wavelengths; though neither we not anyone else under- 
stands how an electron’s jump in the atom causes a quantum of 
light to spring from the atom. However, we are in a position 
to see how the neon tube, the discharge lamp and the arc lamp 
give their light. 


ELECTRIC DISCHARGE LAMPS 

Electric discharge lamps are familiar to us all as the neon 
advertising signs, the brilliant blue-green mercury lamps and 
yellow sodium lamps used for street lighting and the fluorescent 
tubes which arc rapidly becoming the usual type of illumination 
for shops and public buildings. 

The advantage of these lamps is their high efficiency; thus the 
best type of fluorescent tube gives about five times as much 
light for a given amount of electrical energy (and therefore of 
money!) as the best filament lamp. Their chief disadvantage is 
the size of the tubes, though this is compensated by the freedom 
from shadows. 

Wc have already seen that if an electron in an atom jumps from 
one state to another, a quantum of light is produced. The wave- 
length, Le., the colour, of this light depends on the difference 
between the energy the electron has before and after its jump. 
Since an electron has only a few possible jumps, a particular 
kind of atom can only give out a few "colours” of light. Thus 
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Percentage of energy turned into visible light 


Low pressuit Incan- 
descent Gas 

High pressure Incan- 
descent Gas 

Early i6 s.p. carbon 
hlunentlamp 

Red oeoD-tube 

6o w. Vacuum tungsten 
£lamentlamp 

6o w. Gas-filled coiled- 
coil filament lamp 

8o w. High pressure 
mercury vapour 
lamp 

8o w. Osram fluores- 
cent tube 


10.2 
■ O.J 

■0.56 



*5 


Fig. 264. — ^The above table shows what proportion of the energy supplied to 
various lamps is turned into useful light. The incandescent gas-lamps are much 
more valuable than would at first appear, for electrical energy as supplied for 
lifting costs from 3 to 1 5 times as mu^ as its equivalent in the heat energy of gas. 


the jumping electron in the sodium atom gives out yellow light, 
those in the neon atom give red light, those in the mercury atom 
give mainly green and violet light. 

There are two chief kinds of gas discharge tube, the cold 


cathode and hot cathode type. 

Fig. 265 shows a diagram of one of the red neon-tubes which 
are so much used for advertising and display. It has two elec- 
trodes usually of iron — ^and is filled with neon gas at a pressure 
of about 6 mm. — about ^ J^th of the pressure of the air. A tube 

commonly requires 


ga=3i: jm 

Fio. 263. — Cold cathode gas-discharge electric 
lamp (neon tube). (Courtesy of The Genera^ 
Electric Co.. Ltd.) 


about 3, 000-4,000 volts 
to keep it running, but 
up to 10,000 volts to 
start the discharge. The 
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mains current has therefore to be transformed (p. 328) to high 
voltage and some device has to be adopted to give a high voltage 
when the tube is first switched on and a lower one later. The 
tube works in just the same way as the discharge tubes described 
on page 293, and glows for the same reason. But where air 
glows with a feeble blue light, neon with its different pattern of 
electrons glows with a brilliant red light. 

One might think that these tubes would last for ever, but 
actually their life is not much more than a year's continuous work. 
If you read pp. 286, 293 again, you will realise that in a tube of 
this kind positive ions are always bombarding the negative 
electrode. This seems to knock off atoms of metal which deposit 
on the walls of the tube and entrap atoms of the gas. The gas 
thus gradually disappears. 

These discharge tubes can be made to give many brilliant and 
beautiful colours. Pure neon gives a red light at higher pressures, 
up to ^\jth of atmospheric pressure, and an orange light at lower 
pressures. The addition of mercury vapour gives a brilliant blue. 
If instead of neon nitrogen is employed, a beautiful pale apricot 
light is produced. Carbon dioxide gives almost a daylight white, 
helium a ^‘heliotrope- white." The brilliant greens are obtained by 
use of mercury vapour in a tube made of fluorescent uranium 
glass which shines brilliantly green when ultraviolet light 
&lls on it. 

These cold cathode tubes are admirable for i^shioning into long 
ornamental patterns, lettering, etc., but are handicapped for 
interior lighting by the need for high voltages. Till recently they 
have aU been less efficient than filament lamps. The hot-cathode 
tube gives much more light per foot and runs at normal mains 
voltages, and is a more efficient lamp. The secret is to eriiit 
electrons from the cathode. These will then ionise the gas and 
make it conduct. 

Nearly all modern electric discharge lamps operate on the 
hot cathode principle. As an example we may take the 
fluorescent tube (Fig. 266) used for indoor lighting. It consists 
of a tube containing mercury vapour and coated internally 
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Cathode. (Negative electrode.) Tube contains in addi- 

Tungsten wire filament coated with elec- tion to a small quantity 

tron-cmitting material, which is pre- of mercury a few milli- 

heated (before starting) and maintained metres pressure of 

in that condition to supply an abundance Argon to assist in the 

of electrons to maintain the arc. striking of the arc. 



Anode wires. Inside wall of tube coated 


(Positive electrode.) with fluorescent powder. 

Fig. 266. — ^The hot-cathode fluorescent lamp. (Courtesy of Metropolitan- 

Vickers Electrical Co. Ltd). 

with a niaterial which fluoresces in ultra-violet light — that 
is to say absorbs ultra-violet light and gives out visible light. The 
two electrodes are coiled filaments coated with an oxide that 
easily gives out electrons when heated. When it is switched on 
the filaments heat up and the electrons ionise the mercury 
TOpour. The discharge then starts, and the mercury vapour turns 
about 60% of the electrical energy into invisible ultra-violet 
radiation. This fiiUs on the fluorescent coating and rather mote 
than a fifth of it is converted into visible light. The tubes run at 
ordinary supply voltage, but they have to be fitted with a special 
device to convert the electricity to a high voltage for a second or 
two while starting. Thus these tubes, unlike filament lamps, do 
not light up instantly. 

There ate many other types of gas discharge lamps in use. The 
above type does not light up easily at very low temperatures and 
so is not suitable for street lighting in temperate climates. For 
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street lighting either high pressure mercury vapour lamps or 
sodium lamps are usually employed. These have a relatively 


small discharge tube and become quite hot— up to 600“ C. The 
mercury they contain turns into vapour and this at the high 
temperature and pressure of the hot tube gives much more 
visible light and less ultra-violet. Their light is of a brilliant blue- 
green tint and the absence of red rays causes objects illuminated 
by them to appear of very different colours from their appearance 
ia day-light. The same &uit is inherent in the sodium lamps 


whidi give an almost pure 
yellow light. These are in 
principle like the mercury 
lamps, but the luminous 
vapour is that of sodium. 
These lamps give much 
more light for a given 
amount of money than the 



filament types, and so they 267.— An ate aa iSuminant fot a cinema 

are used in spite of their pwjectot. 
unpleasant colour-tendering. 

The electric arc has already been explained and something has 
been s aid of its use fot welding and furnace work. As a means of 
lighting, it has the great advantage of giving a small point of 
intensely brilliant light. Fig. 267 shows its use in the search- 
light of a cinema projector. The arc is struck so that the positive 
“crater” which emits most of the Ught feces into the reflecting 
mirror which — ^like the motor headlight mirror, concentrates it 
intn a parallel beam which passes to the film (Fig. 300, j). 481). 

The light of an arc lamp is too cold and brilliant for indoor 
li ghting and needs too much attention; and it is disappearing 
even from (he streets. But it keep its position for projectors 
such as this, because it is very small and very brilliant 
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How Light Travels 

F rom the practical point of view, the important thing about 
light is the way it travels in straight lines — rays — and the 
way the direction of these lines is altered by reflectors and lenses. 
A ray of light such as enters a darkened room through a pin-hole 
in the blind, is a stream of electromagnetic waves done up in the 
packets we call quanta. The waves are so small compared with 
any distances we can see that we can treat a ray of light as if it 
travelled, when undisturbed, in a perfect straight line. A big 
long wave can easily bend round comers — this is familiar wi^ 
wireless waves and with sound waves. Short wireless waves of a 
few metres are badly hindered by an interposing hill, while light 
waves of .00005 cm. bend round things so little that rather special 
apparatus is needed to show that they bend round them at all. 
That they do bend a Uttle is shown by the fact that the edge of 
a shadow or the image on a screen or in a camera is never abso- 
lutely sharp. The light rays always spread a little each side of 
their course. 


SHADOWS AND ECLIPSES 

Shadows are made where light is stopped by something which 
will not transmit it. The shape of a shadow is easily made out 
if we remember that light goes in straight lines. Suppose we have 
a point of light (unobtainable — an arc lamp at a distance comes 
near it) and a circular plate. If light travelled in absolutely dead- 
straight lines, there would be a cone-shaped area behind the plate 
where there was absolute darkness. A screen would receive a 
shadow which might be a circle or an ellipse (or a parabola or a 
hyperbola) according to its position. 

450 
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The edge of the shadow is not 
sharp like a razor edge because 
the light-source is not a point 
and because a little light gets 
round the corner. Most sources 
of light are by no means points. 
If we have a white electric bulb 
and let it throw a shadow of a 
dinner plate on a wall, we see a 
fully lighted part A, a half-lighted 
part B, the penumbra, and a 
dark part C, &e full shadow or 
umbra. The most interesting 
shadows arc those of the earth 
and the moon. The moon goes 
round the earth once a lunar 
month ( 29.55 days) and the 
earth and moon together go 
round the sun once a year 
(565.24 days). As 29.55 has no 
exact relation to 365.24, the two do not keep time and the earth, 
moon and sun go through all possible relative positions within their 
orbits. Now and again the moon gets between the sun and the 
earth, or the earth gets between the sun and the moon. In the first 
case we get an eclipse of the sun, in the second an eclipse of the 
moon. The moon is, oddly enough, almost exactly the right size 
and distance to screen the disc of the sun. The result of this is 
that imless you stand in the line through the centrog of the sun 
and moon and look exactly head-on at the moon, you see the sun 
round the corner of it; and from only a very small bit of the 
earth can you see the sun entirely obscured — a total eclipse. The 
rest of the earth sees a bit of the sim showing round the corner 
of the moon — a partial ecUpse. Partial eclipses are common 
enough. The dates on which they will occur can of course be 
calcukted, and are to be found in almanacks such as Whitaker’s. 
Total eclipses are pretty rare. There will not be another in 


Fig. 268. — Only a point of light can 
give a sharp-edged shadow; a large 
source of light gives a shadow 
grading from full light to darkness. 
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Fig, 269. — Moon eclipsing Sun S: Earth E eclipsing Moon M. 

(Courtesy of Messrs. Edward Arnold and Professor Spencer Jones^ 
from the latter’s ^eral Astronomy^ 

England until August nth, 1999, but a total eclipse was 
visible along a line stretching from Greece across Asia to Japan 
on June 19th, 1936, while one lasting as long as seven minutes 
was visible in Peru and on the Pacific Ocean on June 8th, 1937. 
The real interest of an eclipse is the profile view it gives of the 
surface of the sun unobscured by the direct glare. This is 
illustrated in Plate XXXVII. 

Eclipses of the moon arc commoner because the carth^s shadow 
is much larger than the moon. The moon in a partial eclipse, 
when it is in the penumbra of the earth's shadow, looks coppery- 
red; and even in the umbra of the earth's shadow it does not 
entirely disappear for the earth's atmosphete illuminated by 
sunlight scatters enough light to reveal the moon's surface. 

The calculation of the date and place of an eclipse can be very 
accurately performed, for all the factors affecting the paths of 
the earth and moon arc very accurately known. It is possible to 
work out when and where an eclipse will occur and, still more 
interestingly, when and where they have occurred in the past. 

Thus in Amos viii. 9, we find: “And it shall come to pass in 
that day, saith the Lord God, that I will cause the sun to go down 
at noon, and I will darken the earth in the clear day." Now the 
only eclipse in the Near East at anything like the period at which 
this prophet was writing was on June 15th, 753 b.c., which 
dates the prophet and the events he mentions very accurately. 
In the Odyssey there is a passage which is taken to indicate that 
there was a total eclipse on the day Odysseus returned. There was 
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aneclipse which was total in or near Ithaca on April i6th, 1178 b.c., 
which date is in very fair agreement with historical evidence, 
which points to about 1200 b.c. for the sack of Troy. 

A complete catalogue and set of maps of every eclipse from 
1207 B.c. to A.D. 2161 has been published. 


REFLECTION 


We have already seen how water-waves and sound-waves can 
be reflected from a flat surface. Light waves too are reflected 
from any smooth surface, though things vary a great deal in 


their power of reflecting light. 
Thus, where polished black glass 
may reflect only a hundredth of the 
light falling on it, a silver mirror 
may reflect twenty-nine thirtieths. 
A dead-black surface is one that 
reflects no light at all. Black 
velvet is the nearest approach. 
Since it reflects no light, it is 
really only visible by contrast 
with other objects. Very efiective 



stage disappearing-tricks are done 
by lowering a black velvet covei 
over a person standing in front 
of a black velvet curtain. The 
best reflectors are of metal. The 
reason why metals reflect light so 
well is that they are quite opaque 
and take a high polish. 

There is one very simple rule 
that tells us where light will go 
when it is reflected. It behaves 
like a perfect billiard ball hitting 
a perfect cushion. It bounces off 
at the same angle as it bounces 
on, A more scientific way to put 



Fig. 270. — How light is reflected 
from sutfiuset of different shapes. 
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it is to say: Suppose the light-ray hits a mirror at some point 
P. Imagine a line PN drawn from P, ‘‘normal” to the mirror, 
that is, at right angles to it if it is a flat mirror, or at right 
angles to a flat surface touching it at the point P, if it is a curved 
mirror. The arriving light makes the same angle (a) with the 
line as does the departing light. Fig. 270 gives a good notion 
of how to apply this rule. 

The reason why light obeys this law about reflection is sup- 
posed to be that each bit of the wave front starts a new wave as 
soon as it meets the reflector. Suppose the continuous black lines 
(i, 2, 3) show where the approaching wave has got to at intervals 
of, say, I, 2 and 3 millionths of a second. As soon as the wave 
hits the mirror at A a new wave A' starts out. When the original 
wave has got to (3), a new wave will just be starting at B; wave A' 
will have travelled out as far as the old wave has travelled in 
(for both are light waves and go at the same speed). The new 
wave-front will then be the dotted line (5). In the same way, 
when the old wave is in position 4, a new wave will be starting 
at C and the other new waves wiU be at A'' and B'. So the wave- 
front will be B', C (line 6). It is easy to see (or to prove by 
geometry) that the new wave makes the same angle with the 
mirror as did the old one. 

When you see something in a flat mirror, it appears to be as 
far behind the glass as it is really in front of it. The reason of this 
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(L.ef/) Diseased tobacco leaf. I’he diseased patches can be rendered visible by 
photojrraphy in infra-retl light but not in normal light. (R/jf///) 'The Cuillins, 
Isle <^f Skye, {above) taken by normal light, {below) by infra-red ra'^s. {f^eff) Hy 
courtesy f)f Mr. F. C. Bawden ; bc^th by courtes\ of Messrs. Ilford, I.td.) , 



P h o 1 g r a p h 
taken in the 
dark by the 
infra-rcd heat 
rays from two 
electric irons. 
(By courtesy 
of Messrs. 
Ilford, Ltd.; 
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Fig. 272. — Why the icflcction in water appears the same ske as the 
object, but upside down. 


is that the eye judges where a thing is by the angle and direction 
of the rays that come to it and takes it for granted that all rays 
have come straight to it in the ordinary way. It sees the tower 
in Fig. 272 beneath the water because the reflected rays make the 
same pattern on its retina or sensitive screen as a tower upside 
down beneath the water would make. This book has hardly 
the space to talk about the odd effects that reflections from 
mirrors can give. The kaleidoscope is perhaps worth mention, 
for it is easy to make and rather amusing. It 
consists of three rectangular mirrors set to- 
gether to make a regular prism (Fig. 273); any ray 
which comes out of the top opening to the eye 
will have been reflected from all three mirrors. 

So, any object inside it will appear to be 
repeated three times symmetrically at angles 
of 120®, But these reflections will appear to 
be repeated too, so any object is seen re- 
flected dozens of times in a perfectly sym- 
metrical fashion. 

Looking at oneself in the glass is a universal 
pleasure: but the most interesting examples of 
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the use of reflectors are in lighting and some other practical 
applications. Their use instead of lenses in optical instruments 
such as telescopes is talked of on pp. 496, 497. The very 
curious mirages are talked of later, too, under refraction. 

There are two chief ways of altering the direction in which 
light is going — by reflecting it from a mirror or by refracting it 
with a lens or a prism. Lenses and prisms are much more 
expensive than mirrors, so where very acciuratc directing of the 
light is unimportant, mirrors arc used. 

An electric light bulb throws a fairly even sphere of light 
around it, above, below and sideways. Electric bulbs are much 
used for street-lighting. The rate-collectors do not wring money 
from the public to light up the clouds and the house-tops. Every 
ray of light that does not reach the street is as bad as so many 

shillings thrown into the 
sea. It is therefore impera- 
tive to throw the light on 
to the road. Most of my 
readers will be familiar 
with the little system of 
mirrors shown in Fig. 274. 
This catches much of the 
light which would other- 
wise illuminate the air or 
the lamp-post base and 
throws it on to the road. 

Motor-car headlights ate 
designed to illuminate the 
section of road ahead of 
them for as great a distance 
as possible. The chief 
reason why light grows fainter as we get away from the 
source of it is that the beam of light gets wider, so diat the same 
light has to cover a greater area. Thus, the total output of light 
given by a naked lamp is, at a distance of 200 yards away, spread 
all over a spherical area of about five hundr^ thousand square 



PiG, 274. — The action of the reflectofs of a 
stteet lamp in directing into the illumin* 
ated area rays which would otherwise be 
wasted. 
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jit 6 s. It a reflector con- 
centrates the light into a 
zo yard circle, the same 
quantity of light now covers 
300 square yards and is there- 
fore sixteen hundred times 
as strong. If the light could 
be made to travel as a beam 
of paralhl rays, it would 
never spread out at all and would remain equally bright for miles 
— except in so far as mist and dust would stop it. The ideal 
beam for a headlight is a parallel beam to give distance, and also 
a fainter general illumination, so that the neighbouring objects 
such as the sides of the road can be seen. 

Exactly this effect can be gained by a perfect “parabolic” 
mirror and a point-light inside it. A parabolic mirror is so curved 
that every ray from the focus is thrown in the same direction. 
Actually, no mirror is perfect and all lights have some size, so 
the best we can get is an approximation to the ideal. 

The parabolic mirror cannot be made good enough for the 
lighthouse beam, which must carry for ten or fifteen miles: for 
these, a system of lenses and prisms is employed: these arc 
described on page 476. 



Fio. 175. — Reflection ftoin the pantbolic 
miixor of a motor-cat headlight. 



A simple application of 
reflection which is be- 
coming important is to the 
shop window. The reflec- 
tion of the bright clouds, 
housetops, etc., from the 
surface of the window 
makes it dlflicult to see the 
darker interior. Themodem 
shop often has a window 
curved as in Fig. Z76. The 
window is so curved that 
any rays which are reflected 
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from it to fric eye of a passer must have come from the dead- 
black board above or below it; these, of course, are so faint 
as to be invisible. The gazer consequently cannot sec the glass 
at all and the window does not seem to be therel Fig. 276, 
kindly supplied by Messrs. Sage & G>., the manufacturers, 
illustrates the course of the light. 

An invention to do away with the maddening reflection from 
the glasses of the pictures in galleries is badly needed. The 
curved glass is hardly possible because the eye has become used 
to looking on the picture and frame and surrounding wall as a 
single wait. 


REFRACTION 

Light travels fastest through a vacuum, a tiny bit slower 
through air and decidedly slower through water or glass or any 
transparent liquid or solid. The result of this is that a ray of 
light turns sharply when it goes from air 
to glass, or from glass to water, or from 
any medium to any other medium. Fig. 
277 shows a beam of light travelling 
through air into glass. Why does the 
slowing of light make it bend? Look at 
the diagram (Fig. 278). Suppose each of 
the points in the row on the wave front 
arrives at the glass surface, say, 
seconds after the one before. In this 
time, light travels, through a vacuum, a 
distance of 3 mm. Suppose the wave-front begins to enter a thick 
plate of glass, and that in this glass the speed of light is half what it 
is in air. Then, when point 4 has reached the glass, point 5 will 
have been going through it for ro~^i seconds, point 2 for 2 X 
io““ seconds, etc., up to point o, which will have been travelling 
through the glass for 4 x io~“ seconds. Well, in glass the light 
goes mm. in lo'^^ seconds, so the circles of i^, 5, 4J and 6 mm. 
•how where the waves will have got to and WF will be the new 



Fig. 277. — ray of 
light is bent when it 
enters a glass block. 
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bent when it 


Hm> Ug/rt Travels 

wave front. Look at it 
another way: o goes further 
in glass and a shorter dis- 
tance in air than 4. Since 
travel is quicker in air, 4 
catches up on o. 

Thus, on going from a 
material where light goes 
more quickly to one where 
it goes more slowly, the 
light slews towards the 
“normal” to the surface 
(NN^). The way we 
measure this change is to 
imagine a circle half made 
of ^e material and to let 
a ray come across it through 
the centre. If we draw two lines parallel to fhe material’s surface 
from the normal to the place where the ray cuts the circle, then 
the length of the long one (a) divided by the length of the short 
one {}>) is called the refraetive index, and tells 
us how much the material bends light. Ail 
this matters quite a lot. On it depends the 
working of lenses, and therefore of cameras, 
telescopes, microscopes, cinemas, etc. 

The refractive index gives a useful way of 
recognising gemstones and indeed most 
transparent things. The discovery of “syn- 
thetic diamonds” was recently juinounced. A 
few days later, the London Chamber of .Com- 
merce announced Vtat the “synthetic dia- 
monds” had a refractive index of i.yaj; that of 
The stones were stated to be white spinels. 


Fig. 278. — light is 
passes from to glass. 



Fig. 279. — If light is 
bent as illustrated 
here on passing 
from air to glass, 

then ^ is the re- 
b 

fractive index of 
the glass. 


diamond is 2.4175 
complicated silicates, and, though beautiful, lacked the permanence, 
brilliance and fire of the diamond. The brilliance of the diamond 
and the reason it cannot be imitated by glass or anything else is. first. 
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its very high refractive index, which ensures that the light which 
enters it is totally reflected (p. 461) several times before it leaves 
the stone; secondly, its high dispersion, which means that the 
blue rays are much more bent than the red. Thus, the diamond 
separates the blue and red light from the white light and there- 
fore shows “fire,” the wonderful play of colour seen in the stone. 
No material comes near diamond for refractivity. The gem 
zircon, zirconium silicate, with a refractive index of 1.9 comes 
nearest. 

Fig. z8o indicates how light is bent when 
it travels through transparent solids of 
diflerent shapes; we shall come back to this 
apropos of lenses. 

Suppose light is coming out of a solid or 
liquid into air. Let us suppose, for example, 
we are shining a light ^ough the bottom 
of a glass basin full of water (Fig. 281). The 
refractive index is 1.333 or f, which means 
that for any one ray a must be | of If the 
light shines from A it will travel out along 
the path A'. But suppose it shines from B. 
If o' is to be f of b' die ray will have to be 
along the water surface. But now suppose 

we move the Ught 
to C; cannot be 
I times b", for there 
is no room in the 
circle for so long 
a line, and actually 
the light is all re- 



Fio. 280, — How 

light U bent when 
it passes through 
pieces of glass of 
various shapes. 


I 




(S. 






Pro. 28 x« — Illustrating total reflettion* 


through the bot- 
tom of the basin. 

You can easily 
observe the same 
thing with a glass 
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Fig. 282. — Total reflection from a glass of water. 


of water. You can only see up through the surface at certain angles 
(Fig. 282). This total reflection is used for several purposes. Itgives 
a perfect mirror which can never tarnish as a metal mirror does 
and which has no colour ana reflects 100% of the light. It is 
used in prismatic binocu- 
lars (Fig. 313) to bend 
the light rays on them- 
selves, It is also used 
in the glass reflectors 
used as pavement lights 
for basements. Fig. 283 
shows how these reflec- 





Fig, 
ment 


283.. 
nt hi 


Total reflection utilised in 
[ght. 


a pave- 


tors throw the light into the room they illuminate. 

A very curious effect due to refraction and total reflection is 
the mirage. Air, like every transparent substance, slows light up, 
and the denser the air the more it slows it. Now cool air is denser 
than hot air at the same pressure, so as light passes obliquely from 
cooler air to hotter it is bent away from the normal (as when it 
travels from water to air (Figs. 281, 282). 

Now suppose a man is riding over a baking desert plain. The 
air next the ground will be hottest and the air -above cooler. 
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So a lay of light, say, from a palm ttee is gradually beat until 
the angle at whi(^ it enters the hottest air is so small that it is 
totaUy reflected. It then rises till it meets the eye. Consequently 
the eye sees an inverted tree like a reflection in water (Fig. 284). 
The sky, too, is reflected from the layers of hot air and the 
bright reflection so simulates water that desert travellers find it 
hard to believe they are not really looking at a lake. 

In India it is extremely difficult to do any accurate surveying 
by day, for the rays of light from the object observed to the 
theodolite are bent and the results are variable and unreliable. 
Consequently surveyors work at night when the ait is cool and 
use bonfires or lamps as their points for observation. 


THE SPECTRUM 


The feet that light of short wavelength is more slowed up 
than that of a long wavelength gives us the spectrum. If a ray 
of light, say, a beam of sunlight which has passed through a hole 
in a shutter falls on to a screen, a white spot of light will be seen. 
Now, put a prism between the hole and the screen. The white 



spot of light dis- 
appears and a band 
of colour takes its 
place. At the top 
the light is violet 
shading through 
indigo, blue, green, 
yellow and orange, 
down to red at the 
bottom of the strip. 
The prism has 
taken light of the 
mixture or com- 
bination of all 


Fio. *85 . — K beam of sunlight broken by a prism into a ^*Ve-lengths 

band of coloutt. which we rail 
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“white” light and sotted these out, bending the shortest 
wave-lengths most, and the longest least. The above arrange- 
ment is not a very good one because the light spot is 
big and the colours overlap. The arrangement in Fig. 286 
is better. The light from a fine slit is focussed by a 
lens so that the light, if no prism were there, would form a 
sharp image of itself at B (just like the image in a camera). But 
the prism bends the light; and as light of ea^ wavelength is bent 
to a different extent, as many images of the slit as there are wave- 
lengths appear on the screen. But if the slit is illuminated by white 
light or the light from any glowing solid like a filament lamp, 
the light will contain every wavelength and so the images of the 
slit overlap to make a band of colour — red, orange, yellow, green, 
blue, indigo and violet. In Fig. z86 only blue and red are illus- 
trated for tke sake of simplicity. But suppose instead of the light 



from, say, a filament lamp, we look at the light from a neon tube. 
By no means all wavelengths are here. The light is almost all 
of wavelengths 7245, 7174, 6jo6, 6402 and 6266 A.U. Conse- 
quently, for each of these wavelengths an image of the slit would 
be formed and the result when photographed is like Plate XXI 
(top), each of the lines being an image of the slit made by light 
of some exact wavelength. 

The spectrograph is a refinement of die simple apparatus shown 
in Fig. 286. Fig. 287 shows a modem spectrograph as used for 
photographing spectra. At the left-hand is the slit and in the 
hraM tube are the lenses for focusing it. Then follows the 
prism. The photographic plate is set out at an angle to the mbe 
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GRATING SPECTROGRAPH. 
"EAGLE" MOUNTING. 


MEUAflCH OMARTMtaiT, 

APAM tmca. ITP, lONDOW 

Fig. 287. — Optical artangement of Spectrogiaphs. The quart2 spectrograph above 
operates on the simple principle indicated in Fig. 286. A quartz prism trans- 
mits ultraviolet light: glass would not. A system of several lenses ensures 
accurate focusing. The photographic plate is slanted in order to separate the 
Ikies widely. Below, use of a grating in a spectrograph. Light enters below pia 
a slit and is reflected to the grating which is ruled on a concave mirror. It separates 
the lights of different wave-lengths as described on p. 47 1 and focuses them as lines in 
a photographic plate at the left-hand end. (Courtesy of Messrs. AdamHilger, Ltd. 


in order to tnake the spectrum as long as possible and so separate 
the lines widely. 

Instruments of this type enable the position of the lines to be 
charted to an accuracy of one in a million. Every kind of atom 
gives a particular set of lines which has been accurately chatted. 
Thus the lines of neon are as in Plate XXI: sodium vapour on the 
other hand gives its light almost all of the wavelength, 5895 A.U. 
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Its specttum consists, then, of one brilliant line (actually a double 
line) and a number of fiunter ones. The spectrum of an element 
is a sort of signature by which it may be recognised whenever 
it gives out light. 

An amazing amount of information has been gained by the 
spectrograph. First of all, it is our chief informant as to what 
the stars are like. As already mentioned on page 445 , the spectrum 
of a star , shows the familiar lines we know in the spectra on earth: 
these tell us the kind of atoms the stars contain. Secondly, 
spectra change as the temperature rises. The spectrum of sodium 
vapour in an electric arc (3000° C.) shows more lines than the 
spectrum of sodium vapour in a gas flame (c. 1800° C). By 
matching the spectra of the sodium vapour in the stars with the 
spectra obtained under different conditions on earth, we can 
get an idea of how hot the surface of a star is. But the information 
does not stop there. A magnetic field shifts the electrons in an 
atom slightly and so gives their “jumps” rather different energy. 
Different energy means different wavelength and the result is 
that an atom in a magnetic field shows two lines where it showed 
one before. The spectrum of the sun shows these split lines and 
we thus know that there is a big magnetic field on the sun’s 
surface. The spectrum tells us still more. We worked out (p. 385) 
that if an observer approached a siren rapidly, its note soimded 
sharp (frequency increased), and when he went away from it the 
note sounded flat (frequency decreased). The same is true of the 
light from a star. Suppose we are receding &om a star at 100 miles 
a second. It emits in the second, let us say, 10^ vibrations of a 
certain kind of light, say, that which we can see as the D-line in the 
sodium spectrum. These vibrations are spread out j>ver 186,300 
miles and would reach us in a second were we not receding. But 
as we are departing at 100 miles a second, only 186, zoo miles of 
vibrations instead of 1 86,300 reach us. The light is therefore only 


of a frequency 


i86z 

1863 


of what it would be from a sodium atom 


on earth. The practical result is that we can see the sodium line 
in the star’s spectrurn, a little shifted towards the red end where 
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the bigget wavelengths and smallet £cequeades ate. We can 
measure the position of a spectral line with the accuracy of one 
in a millinn It is quite easy then for an astronomer to find out 
whether we are receding from a star or approaching it: these 
results are of course very important in deciding how the various 


parts of the universe is moving. 

On earth the spectroscope is also useful. It is the most delicate 
way of detecting minute traces of certain elements. If we want 
to be sure that some potassium chloride does not contain any 
sodium chloride, we pass electric sparks through a solution of it. 
If we do not see the D-line of sodium, we know the potassitim 
chloride is exceedingly pure. Several new elements have been 
discovered by finding unknown lines in the spectrum of a 
mineral. Many more abstruse uses for it have been found: it 
has been the chief means of finding out how the electrons are 
grouped in the atom. Once Bohr had got at the principle of 
electron-jumps giving out light-quanta, it was easy to measure 
the wavelengths of the light appearing as lines in the spectra of 
the atoms, to calculate from this the energy of the jumps and 
find out how many different jumps were made. This has been 
our chief way of mapping the interior of the atom. 

The rainbow is obviously a spectrum caused by the difierent 
colours in white sunlight being split up by raindrops, but it is 

not obvious why it 



should appear as a 
“bow.” You only see a 
rainbow when the sun is 
fairly low in the sky and 
behind you. Suppose a 
ray from the sun enters 
a drop of rain (Fig. 288): 
it will be reflected and 
emerge. As it comes 
out, the red and blue 
rays will go at different 


Ptc. tSS. — How niadrop* split up white light, angles. If there has been 
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one reflection, the red will be lowest and the blue will be highest, 
the reverse being true if there has been two reflections in the drop 
(Fig. 289). This explains the double rainbow, in which both single 
and double reflections occur. The result is, a spectrum with red 
at one side and blue at the other. Actually, the colours overlap 
and so the rainbow is not quite a true spectrum. Why is it a 
bow? The colours will 


be seen where the sun is ^ 

at such an angle that the ray 

drop and you make the ^ 

correct angle for the re- 
flection (about 42® 30'). 

Consequently, all drops 

which make this angle 
with you and the sun Fig. 289. — Why the rainbow is an arc of a circle, 
will give the colours and 
clearly these will lie in a circle. 

If you stand on the ground, the part of this circle which is 
below you will be cut off, though from an aeroplane a complete 
circular bow might be seen. If the sun is higher than 42® 50' in 
the sky, no rainbow can be seen from the ground. 



The eye cannot take 
in the red and blue 
rays from the same drop 
because they are yards 
apart by the time they 
reach the ground. Fig. 
290 shows how each 
drop contributes a par- 
ticular colour according 
to its height, so forming 
the “bow.” The secon- 
dary bow often seen 
outside the other is due 


Pig. 290. — How each raindrop contributes one 
particular colour to the bow seen by any one 
person* 


to the double reflections, 
as in Fig. 188. It is easy 
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to see that the ordinary bow will have red inside and blue out- 
side, while the secondary bow will have the colours in the 
opposite order. 


COIiOUR 

The human sense of colour is very curious. The eye is, roughly 
speaking, a camera with a sensitive screen at the back. Nerves 
carry reports of the state of the light on each part of this screen 
to the brain which combines them into a picture. 

The radiations which the eye can see lie between the wave- 
lengths of 3600 and 7600 A.U. The eye sees a mixture of all 
these wavelengths as “white”: a small range of wavelengths it 
sees as coloured. Thus: 


Ugbt of wavelength 

is seen as 

Less than 3600 A.U. 

Invisible 

3600-4300 

Violet 

4500-4550 

Indigo 

4550-4920 

Blue 

4920-5500 

Green 

5500-5880 

Yellow 

5880-6470 

Orange 

6470-7600 

Red 

More than 7600 

Invisible 
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Now the only difference between, say, red and blue light is a 
difference of wavelength: yet “red” and “blue” are so Cerent 
that a man who had seen “blue” but had never seen “red” could 
never be made to understand what “red” was like. With sound 
there is a steady change of pitch as the wavelength shortens. 
Anyone who had heard C and its octaves C” and C'” would 
have a fair idea what C"" would sound like. But the colours 
corresponding to different wavelengths seem to have nothing 
in common. 

Another very curious thing is that a mixture of wavelengths 
may give the same sensation as a single one. A mixture of blue 
and yellow light of wavelengths 4700 A.U. and 5700 A.U. looks 
green: a light of wavelength 5000 A.U. also looks green. Light 
of 7000 A.U. looks red, so does a mixture of all the visible lights 
except green (4920-5500)! We have really i|o idea how colour- 
vision works though we know very well what wavelengths of 
light give certain sensations. 

You might think that a red neon-light and a piece of red cloth 
must both give the same red light and therefore give the same 
sensation to the eye. This is not necessarily true. The neon light 
gives light of wavelengths between 7245 and 6266, which there- 
fore seems red. But the cloth has white light — red, yellow, green, 
blue and violet all mixed — shining on it. It may absorb — retain 
and turn into heat — the yellow, green, blue and violet and let 
the red light pass on. But it equally well might keep the greenish- 
blue component of the light and let the red-yellow-indigo-violct 
mixture pass on. This, we also see as “red.” 

For this reason, if we mix blue and yellow light we get a quite 
different result from that obtained when we mix blue and yellow 
paints. Suppose we focus a patch of yellow (5740 A.U.) light on 
a screen and focus a patch of blue light (4820 A.U.) on top of 
it, the light from the screen has wavelengths 5740+4820 A.U., 
and appears to us as jvhife. If we mix yellow paint and blue paint, 
they appear green. The reason of this is that the yellow paint 
absorbs and destroys all the white light except the yellow lignt 
and a little ff^eea and red: the blue pigment absorbs and destroys 
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all the light except blue and a little and violet. So between 
them they absorb and destroy everything except the green wave- 
lengths. Two coloured lights, which, if mixed, give white, are 
said to be “complementary.” The following gives a list of these 
colours. If we mix light of colour A and colour B, we get white. 
If we take colour A from white light we get colour B and vice 
versa. 

A. B. 

Red. Greenish blue. 

Orange. j Shades of 

Yellow. I violet. 

Greenish yellow. Violet. 

Green. Purple. 

If you stare steadily at a bright colour for some dme, your 
faculty for seeing that colour gets tired out and if you look at a 
white wall you see a patch of the complementary colour, which 
is simply plain white less the colour you are now unable to see. 

INTERFERENCE COLOURS 

It is well known that colours are often seen where there is no 
coloured material at all. Soap-bubbles, oil-£lms on water, mother- 
of-pearl are all examples of these colours. We find they are always 
connected with very thin films of material and it is natural to 
suppose they are the result of interference. Fig. Z57 shows how 
the thin film of Uquid in a soap-bubble reflects light of a certain 
wavelength in some parts and destroys it by interference in 
another. Suppose the film at some point is 540oA.U.(.cooo54c.m.) 
thick. This is just a wavelength and a half of violet light, and 
so violet light reflected at that point will be extinguished. But 
the other wavelengths in ordinary white light will not be extin- 
guished, because the film is not | or ij or aj times their wave- 
length. Accordingly, the light reflected is white without violet 
which appears yellowish green. Since the soap-bubble varies in 
thickness, every colour will have some place where it is extin- 
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guished by interference and so every possible complementary 
colour appears somewhere on the bubble. The colours of oil 
films on water have the same origin. Mother-of-pearl is a pile 
of very thin layers of calcium carbonate (marble) laid on to the 
inside of the oyster shell. These are so thin that they cause 
interference like a soap-bubble. 

Interference is used in a very valuable arrangement called the 
diffraction grating which is now often substituted for the prism 
of a spectroscope, as being suitable for very short and very long 
waves, which do not easily go through glass. It is not very 
difficult to understand its principle. A diffraction grating is 
simply a piece of glass ruled by a diamond point with, say, 
15,000 lines to the inch. This, naturally, is difficult and expensive 
and most gratings are casts from these originals. Imagine 
in Fig. 291 {d) a grating with 14,000 lines to the centimetre with 
yellow light of wavelength .000058 cm. shining on it. The waves 

Yellow light of wavelength .000058 cm. Blue light of wavelength .00004 cm* 


W (» 

Fig. 291. — Diagram to show why light is bent when it passes through a grating. 
Note that the longer the wavelength the more it is bent. The scale is about 
10,000 times actual size. « 

pass through the little apertures and spread out in new ripples 
as they go. Now, the direction of a ray of light is the perpen- 
dicular to the wave front (like that of a water wave); so the 
ray of light will go first of all straight on {a). But the lines (^) 
and (r) are also lines of wave fronts. So the light will split up 
into several rays travelling in directions which depend on the 
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fineness of the grating, and the wavelength of the light. Now, 
Fig. 291 (i) is a representation 10,000 times magnified, of what 
happens when yellow light (5800 A.U.) passes through a grating. 
Fig. 291 (2) shows what happens when deep blue light 4000 A.U. 
does the same. It is easy to see that the blue light is less deflected 
than the yellow. This is just like the action of the prism (p. 463), 
except that this deflects the shortest waves most and the grating 
deflects them least. The rays of different wavelengths are deflected 
through different angles and so will appear as a spectrum. 

Any regular pattern, if fine enough, will act as a grating and 
so split white light into its component colours. The brilliant 
colours of the peacock’s tail and iridescent beetles and dragon- 
flies and the wings of the brilliant blue Morpho butterfly (which 
arc made into jewellery) are simply due to fine ribbings and 
markings which make them into diffraction gratings. There is 
no colouring matter or dye there at all: the peacock splits up 
white light to get its coloursl 

The fact that the sky is blue and that dawn and sunset are red, 
is due to another kind of splitting of white light. If there was no 
air or vapour or dust, we should sec a black sky with the sun set 
in it as a sharp circular disc of blinding light. In other words, 
the light would all come from the sun and no light would come 
from the sky. The sky, as seen from a stratosphere balloon 

SIC/ APPEARS eua 
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14 ooiles up appears nearly black. The sky gives out light because 
the sun’s rays are scattered by dust parddes, by water droplets 
and even by the tiny irregularities of density resulting from the 
movement of air molecules. Light waves fall on these parddes 
and the illununated parddes send out new light in every direcdon. 
Now it can be proved that short waves are much more easily 
caught by parddes than long waves. Actually the blue part of 
the sun’s radiadon is sixteen dmes as easily scattered as the red. 
Consequendy the light that comes from ^ sky at an an^ to 
the sun’s rays is mosdy the scattered blue rtqrs: while rays which 
have passed through a great length of air, as at sunset or dawn, 
are robbed of their short waves, only the nsd being left. Since 
the long red rays are the least scattered fay parddes, they have 
the best fog-pierdng powers and red neon-lamps are used at 
aerodromes to show the way to incoming planes. These are 
much more easily visible than white lights and do not make the 
fog into an opaque luminous wall. 

The red and yellow fog-lamps used by cars have the same pur- 
pose, but the loss of light counterbalances any advantage due to 
their superior penetradon. 


lenses 

Lenses are pieces of transparent material of which the surfaces 
are parts of spheres or planes. The surface of a lens may be said to 
have a ra^us of curvature which is the radius of the sphere of 
which it is part. As lenses are an essendal part of every opdcal 
instrument — microscope, camera, telescope, etc.-^it is worth 
seeing how they are made. The glass for a lens is kept melted in a 
large crudble for a long dme so that tiny air-bubbles and specks 
of solid can settle out, and great care is taken to see that it is per^ 
fectly mixed so that every part of the glass shall be able to bend 
light as much and as little as every other. The charge of glass is 
made into thick sheets and these are cut into bits. Very often as 
much as two-thirds of a charge of glass lias to be rejected as im- 
perfect. The glass is then cut by grinding-wheels, fed with car- 
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botundum powder, roughly to the shape of the lens and ground to 
something near the finished shape. The lenses are then stuck with 
pitch on to a round knob, which is spun round and round, while a 
hollow cup-shaped tool is rocked backwards and forwards across 
it. The tool is fed with fine polishing powder and water and in an 
hour and a half all the lenses are ground to parts of spheres of the 
same radius as the tool. 

The lenses are tested by pressing them on to a glass shape 

which would exactly fit a perfect 
lens. If the lens exactly fits the 
shape, no Newton’s rings (p. 4x9) 
can be seen. If it is very nearly a 
fit, about two rings can be seen 
showing the lens is not more than 
two wavelengths of light (uo^joth 
centimetre) in error, and this is 
usually the best aimed at. The 
worst fault of a lens is that it 
should be distorted — not a perfect 
sphere — ^in diis case the Newton’s 
rings will not be circular but have 
some irregular shape. 

The effect of a convex (bulging) 
lens is to make light rays either 
converge more or diverge less. 
If a lens is hollow on one side and 
bulgmg on the other, the sharper 
curve overcomes the effect of 
the other. Fig. 294 shows clearly why this must be. The 
course of the light rays is drawn out on the principle of 
“ajb" (Fig. 279) being always the same for any particular material. 
The drawing shows too that a beam of parallel rays, falling on 
the central part of a convex lens, will be brought to a single point 
of light at the focus. The rays from the outer part of a thick 
lens ate not properly focussed: this effect, called spherical aber- 
cation, is the reason why “stops” are always used in optical 
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Fig. 294. — Why a thick lens bHngs to a focus pafallel tays which 
fall near its centre but not those which nil near its edges. 
This edect is called spherical aberration. 


instruments to remove them. If the rays which fall on such a 
lens are converging, they will come to a point nearer to the lens 
than the focus (Fig. 295 (2)). If they are diverging fan-wise, tiiey 
will either come to a point further away than the focus (Fig. 295 
3), or if the source of the light is at the focus (4), the light will 
become a parallel beam or if the source of light is nearer than the 
focus they will diverge (5). This state of aSurs is important to 
grasp as the action of the camera and the magnifying glass depend 
on it. 


Now it is pretty 
clear that all the rays 
which go through the 
centre of the lens go 
on in the same direc- 
tion unchanged, and 
we can also see from 
Fig. 295 that all the 
rays which are parellel 
to the axis of the lens 
go to a point called 
die focus. The more 
sharply the lens is 
curved, the nearer to 
it is the focus. If we 



Fig. 29). — ^Hov t lens a&ctt paialld, cooTeigiog and 
diTCiging light-zays. 
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remcmbcf tiiese two rules, we already know enough to under- 
stand the camera and projector. 


LIGHTHOUSE PROJECTORS 


The object of a lighthouse is to tell ships where they are. In 
order to do this, it must be visible at a great distance — even in 
fog; and it must be easily recognised. The “signature” of a 
lighthouse is the pattern of flashes it gives. Thus the light 
described below gives four flashes of o.aj seconds with three 

short dark intervals of 2.4} 



seconds and a long dark 
interval of 11.43 seconds. A 
lighthouse, which stands 
where it is buffeted by the 
waves, is usually a tower of 
masonry of great weight and 
strength; however, the essen- 
tial part of it is the lantern. 
Fig. 296 shows a small light- 
house lantern made by 
Messrs. Chance Brothers 
& Co. It has several points 
of great interest. First of 
all, it is necessary that a 
lighthouse should send a 
light which should carry as 
far as possible, and we saw 
on p. 457 that a beam of 
parallel rays could do this. 
This lantern has in its centre 
a 500-watt lamp. This would 
give no great visibility on 
its own, but when it is 
concentrated by lenses and 
prisms into beams, each 
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of these shows 608,000 candle-power and the light, if on a high 
enough place, can be seen 38 miles away in clear weather. 
There are two lamps; for a lighthouse must never be extinguished. 
If the filament breaks in the centre one, the spare is automatically 
brought into use. A lens can only give a narrow beam because 
of the spherical aberration already mentioned, but the lighthouse 
supplements its lenses by prisms at such an angle that the effect of 
refraction and total reflection sends the beams which fall on them 
in the same direction as that sent out by the lens. Thus ray A is 
reflected by a prism, ray B is refracted by a prism, and ray C 
refracted by a lens, but all go in the same direction as the line 
from the light to the middle of the lens. As there are four panels, 
this arrangement gives four beams. 

The lamps remain still, but the lantern with the lenses and 
prisms turns round every twenty seconds. The four beams turn 
with it and therefore, as they pass a ship, they are seen as four 
flashes of 0.23 seconds, with Aree short dark intervals of 2.43 
seconds and a long dark interval of 11.43 seconds. 

Each lighthouse has a different arrangement of beams. It is 
essential that it should turn very steadily and very easily despite 
the fact that it is necessarily heavy. The ingenious notion of 
floating the lantern on mercury is employed. A trough T is 
filled with mercury and the hollow base (B) of the lamp floats 
on itl Mercury is so dense that very little of it will suffice to 
float the heavy lamp support. The turning is done by an electric 
motor and this is supplied by two generating sets of petrol-engine 
and dynamo — two, because one must always be ready if the other 
breaks down. Ships depend on the light for a warning of 
danger; it must never fail. * 


THE CAMERA 

In understanding the camera, a few very simple experiments 
will help. Cut a hole In the side of a cardboard box and put a 
strong lens in it — the lens from the eye-piece of an opera glass 
will do very well. Bend a piece of card so that it stands upright 




Fig. 297. — (Above) iUusttating the principles of the camera. (Below), why s 
camera gives a reversed image. 


behind the lens and can be slipped backwards and forwards. 
Point the arrangement at a distant object — say the trees or 
housetops seen through the window. Now move the cardboard 
slide back and forth till you see a clear picture on it. The picture 
is upside-down and left-to-right. You can see that if you had a 
sensitive plate instead of the cardboard and kept all light away 
except what came through the lens, it would be a simple camera. 
Now point the thing at some near bright object, say a vase on 
the table. To get a clear picture you must move the card back 
considerably. The further the object from the lens, the nearer 
is the image. Fig. 298 shows why the camera must be lengthened 
to take a near object: the nearer the object, the more the rays 
diverge and the less the lens makes them converge. This is 
the reason why a camera must have some arrangement (usually 
light-proof bellows) by which the plate can be placed near the 
lens for distant photography and far from the lens for close 
photography. Actually, no difference is noticed beyond about 
50 feet; so a fixed camera will take sharp photographs at all 



Hov Ugbt Trapt/j 


479 



Fig. 298. — Showing why a camera must be made longer 
if near objects are to m photographed. 


distances beyond 
this. 

This is the prin- 
ciple of the camera. 
A practical camera 
has many refine- 
ments. First, it has 
a shutter which 
allows light to 
enter for a very 
short fixed time. 
Secondly, it has a 
stop which cuts off 
more or less of the 
outside of the lens. 


Thirdly, it requires a focusing arrangement, and fourthly some 
contrivance for changing plate or film without exposing it to 
the light. 

The sensitive plate or film is a very remarkable thing of which 
by no means everything is yet known. The coating of the plate 
is gelatine in whidi are suspended tiny crystals of silver bromide, 
a substance whose molecules are made of one 


A J> ^ A atom of silver and one of bromine. The silver 
bromide particles have sensitive specks of silver 


sulphide on them: the sulphur comes from the 


Fig. 299, — A sensitive 
film. (A) Crystalline 
grains of silver bro- 
mide. (B) The two 
outer grains have been 
exposed to light and 
contain numerous free 
C ^ A atoms of silver. (Q 

Development reduces 

these latter grains to 
metallic silver. (D) 
Fixing removes the 

unchanged bromide 

grains but leaves the 
...11 — sUvet. 


B /> ^ A 


gelatine, which is not merely 
a way of sticking the silver 
bromide to the plate. Now, 
when light reaches the plate, 
it strikes the silver bromide 
particles and in some un- 
explained way increases the 
energy of one, two or many 
molecules of silver bromide 
on each grain, so that they 
fly to bits and leave a few 
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atoms of silver on each grain of bromide (containing, of course, 
millmrut of atoms to the grain). Probably this happens at or near the 
sensitive specks. The plate looks just as it did before the exposure, 
but it is really freckled with invisible free atoms of silver, ^ckest 
where the strongest light struck. The plate is developed: that 
is, immersed in a solution which can take bromine from silver 
bromide and leave provided there is a free silver atom or 

two to lead the way, no one knows how. So, in the developer, 
there forms round each of the free silver atoms a mass of dark 
coloured silver. Where there was most light, most silver atoms 
were formed and silver is quickest produced. So a visible image 
or negative, darkest where the camera picture was lightest, 
remains. But the silver bromide which the light did not touch 
still persists and would slowly blacken in light. Accordingly, we 
fix the negative by putting it in something which will combine 
with and dissolve silver bromide very quickly, but silver only 
very slowly. “Hypo,” sodium thiosulphate, is used. This leaves 
on the plate only clear gelatine and a dark silver image. Since 
nypo does very slowly combine with and dissolve silver, it must 
be well washed out — ^if mis is not done, the negative will fade. 

The process of printing on gaslight paper makes a positive 
with dark parts where the clear parts of the negative were and 
vice versa. Its developing and fixing works on just the same 
principle as that of the photographic plate. 

Silver bromide and iodide are the only rapid sensitive chemicals, 
but several dozen other photographic processes are used, 
mostly for printing. The blue print process is one of these. 
In makin g a blue-print of a tracing, this is stretched over a sheet of 
paper containing ferric oxalate and potassium ferricyanide: two 
chemicals which do not affect each other. Light makes ferric 
oxalate lose carbon dioxide and make ferrous oxalate. The two 
sheets are exposed to a brilliant light: where the ink on the 
tracing protects the ferric oxalate, it is unaltered and elsewhere it 
becomes ferrous oxalate. Now ferric oxalate has no effect on 
potassium ferricyanide, but ferrous oxalate and potassium 
ferricyanide in presence of moisture, turn into prussian blue. 
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Accordingly, when the print is done, it is washed in water and 
turns bright blue except where the black lines of the tracing have 
protected it. The finished print is in white op a blue ground. 

The magic-lantern or cinema projector is a camera. The screen 
is the plate. The whole room is the box of the camera. The lens 
of the projector is the lens of the camera, and the slide or the 
cinema film is the object being photographed. 

Fig. 300 shows 
the arrangement 
of light, film, lens 
and screen. The hcmt 
principle of a 
projector is 
simple enough: 
the practical diffi- Fig. 300. — Course of light in projebtoz. 

culty is that all 

the light on the screen has come from the film or slide. 
Now the film may have an area of about square inches 
and the screen of 12,000 square mches; and in this case the 
film must be ten thousand times as brightly lit as the screen. G)nse- 
quently, if the image on the screen is to be clear and bright, torrents 
of light must be poured on the film or slide. Light cannot be got 
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without heat rays and it is fet from easy to prevent films from 
being overheated in a projector. With inflammable films this 
would be a teal danger were it not that films ate tun through the 
projector so quickly that they have not much time to heat up. 

MOVING PICTURES 

The cinema camera is a camera which takes some sixteen 
successive pictures every second. The film is moved step ly step 
across the back of the camera proper. Each time the film stops, 
a shutter between the lens and film opens, and an exposure is 
made; before it moves on, the shutter closes. The eflect of this 
process is to take a negative of the familiar cinema film consisting 
of successive pictures of a scene, each showing it as it appeared 
T^^th second ^er the last one. Obviously the exposure cannot 
be more and must belessthan^^^thsecond. Accordingly, brilliant 
lighting must be employed to get the best eflect. Press cameras 
have to be operated in dull weather. These have remarkable 
lenses almost as big as the picture they take in order to admit 
plenty of light. ^ 3.5 is the least aperture used, “ndjT 1.5 is not 

uncommon. Lenses of this aperture are difficult to make and 
most expensive. 

Qnema film is developed and fixed on the same principle as 
ordinary films, and positives ate then printed on similar film: these 
ate the films which will be shown. 

The cinema projector has a powerful arc or other light which 
illuminates the film. The heat is very great and if the film stops 
it is likely to catch alight; on account of this fire danger a fireproof 
projection room is used. The projector has two continuously 
moving “feed sprockets” which wind the film off and on to 
the spools; these keep a free loop of film in the projector. This 
film passes through the gate, which defines the edge of the 
picture and holds the film flat and at the right distance from 
the focussing lens, which of course works on the same principle 
as appears in Fig. 300. The essential part of the mechanism is the 
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LAMP MOTDflOAfVC FEED SPHOCKCT '^MOIXER BRACKET 


Fig. 501. — Small cinema projector. Note condtinier lens to direct 
lignt on to dim, blower to cool dim by air blitt* (From material 
kmdly supplied by Messrs. Ross, Ltd.) 

intermittent sprocket and shutter. The intermittent sprocket 
is made to stop and start by the ingenious “maltese cross” move- 
ment (inset); each time the wheel revolves, the pin on it will 
turn the maltese cross sharply and then leave it still till the 
pin comes round again. The maltese cross drives the intermittent 
sprocket and this pulls the film past the gate step by step. So 
that the audience shall not see a blur when the film moves a 
rotating ‘‘flicker shutter” cuts off the light when the sprocket is 
pulling the film along. So the screen has on it a still picture for, 
say, a twentieth of a second, then a moment of darkness, then 
another slighdy different still picture, and then another moment of 
darkness. The audience does not see this, for the nerve endings of 
the eye take about ^ of a second to s/aj> seeing a picture that has 
vanished. So the eye secs four or five cinema-pictures at once 
and blends them together, seeing the step by step differences 
between them as a steady glide. If you want to convince yourself 
that cinema pictures are discontinuous, next time you arc in a 
cinema and can bear to take vour eves off the Prime Minister or 
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Gteta Garbo, move your finger rapidly across your eyes and 
about eighteen inches from them. Instead of seeing a sort of 
strip of ghostly finger as you do in ordinary light, you will see 
a dozen separate “finger-images”; your finger being visible when 
the screen is bright and invisible when it is dark. 

All films to-day have sound efiects. There are two ways in 
which these may be produced. In the system typified by the 
Western Electric, a large gramophone record plays the sound 
and is driven in exact time with the film: the problem of the exact 
synchronising of the sounds and movements has been very well 
overcome. 


The other type of process is scientifically more interesting. 
The sound-waves are received by a microphone, which, as we 
have seen (p. 410), converts them into pulses of electric current. 
The pulses of electric current are amplified and made to work a 
neon-tube. This glows alternately brightly and &intly as the 
pulses of current traverse it. The light of this lamp is focused 
on a strip of film beside the picture and so makes a record 
of the sound-wave in bright and dark lines. As the film passes 
through the projector, the light from a lamp is directed through 
the film and on to a photo-electric cell which passes a current 
when light shines on it but does not do so in darkness. So as 



Fto, 302. — Whca light £aUs on the potassium 
(black) in the glass bulb, it ejects electrons 
trom it. The positive ring attracts these, thus a 
current flows. 


the bright and dark 
bands are focused on 
to this, pulses of current 
flow riirough it, which 
when led through a 
loud-speaker reproduce 
the original sound. 

The photo-electric cell 
is an interesting arrange- 
ment and can be made 
to do many amusing 
tricks. It is a glass bulb 
containing some of the 
metal potassium (or 
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robidium). Light knocks out electrons from this. It is easy to 
see from Fig. 302 that when light acts on the potassium and 
ejects electrons from it, these wifi flow to the positive electrode 
which attracts them. These electrons will travel to the battery 
(or to earth), while electrons from the battery will take the 
place of those ejected from the potassium. In fact, a current 
wiU flow and a sensitive galvanometer in the ciremt will detect it. 

The photo-electric cell is an “electric eye” and has found very 
many uses. It is very difficult to measure the brightness of light 
exactly by any means which employs that fallible instrument the 
eye. But a photo-electric cell gives an easily measurable current 
which depends on the brightness of the light which shines on 
it. It can be used for many simple inspection jobs. Suppose cans 
with dark labels are to be packed in cases, and iic travelling along 
a conveyor to the pacldng room. A photo-electric cell wifi “see” 
the bright unlabelled can and its current can operate a switch 
which makes a machine remove it. 


MICROSCOPES 


The reason why a lens magnifies will be more clearly seen 
when we realise what the eye is. The eye is simply a camera. 
Fig. 505 shows its 
chief parts. The “iris” 
is a stop to regulate 
the amount of light. 

It opens automatically 
in a dull light thus 
giving more Tight but 
worse definition. If 
you look at print in a 
room so dark that you 
can only just see it, it 
looks blurred because 
the worst parts of 
die lens — round the s^).' 
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edge— are in use. In brilliant light, the ids closes to perhaps | of the 
area and wc see distincdy. Behind the ids is a lens of elastic, gdstly 
and perfectly transparent material. This lies in a ting of muscle 
which by contracting can make the lens more nearly a sphere. 
This makes it bend the light more and so focus near objects 
clearly. When the muscles relax, the lens becomes thiimer and less 
curved and so can focus distant objects. At the back of the eye is 
the retina, a sensitive screen about which we do not understand 
much; more is said about it on pp. 895-900. It is full of nerve- 
endings which report to the brain whether light is &lling on them 
or not and so inform it of the picture which the lens throws (up- 
side-down and right to leftl) on the screen or retina. Now the size 
an object appears to be obviously depends on the space its image 
fills on the retina. Look at Figure 304 and imagine the lens L is 

0 not there. The object 

j is giving out diverging 
1 rays of light. These go 
f, to the eye and form an 

Fio. 504. — Why a convex lens magnifies. image Ij. The dotted 

lines show how the 
light goes. But there is actually a lens between the eye and the 
object, the object being nearer to the lens than its focus; this is the 
only condition on which a lens will magnify. The rays from the 
feathers of the arrow still go to the middle of the eye, but the 
rays from the point of it, instead of diverging a lot, are bent so 
that they only diverge a little and so are bent inward much 
more by the lens of the eye; die image is therefore much bigger. 
Another way to think of it is to realise that the rays after being 
bent by the lens are diverging as if they came from a much larger 
object rather further off and this object is, in effect, what the 
eye sees. Roughly speaking, the more sharply a lens is curved, 
the more strongly does it magnify. Magnifications of about 
twenty times are got with single lenses, but usually powers of 
more than X6 are obtained by the use of a microscope which 
will magnify any small object from ten to about three thousand 
times. Bigger magnifications could be reached, but they are 
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not useful because a light wave can only show up distinctly an 
object of more than | of its length and an object of this size 
can be seen very distinctly if magnified 1000 times. Actually 

a magnification of 650 
brings out all pos- 
sible detail ; higher 
powers show no more, 
they merely make the 
object larger but less 
distinct. If ultra-violet 
light with, say, J the 
wave-length of light is 
used, things four times 
as small can be seen, 
but the work is diffi- 
cult— firstly, because 
this ultra-violet light 
does not penetrate glass 
and therefore all lenses 
have to be made of 

Fig. 305. — (Left) The con- 
tours indicating the average 
number of electrons at each 
point in an anthracene 
molecule. The electrons will 
be most frequent where 
there is an atom, so if the 
figure is considered as a 
moxmtain-map the peaks are 
atoms. (Right) The interpre- 
tation of the contours as a 
chemical formula, a picture 
of the molecule a hundred 
million Mmes magnified. 
(Below) The formula as 
usually printed. This is the 
same as the right hand 
figure but seen from a 
different angle. The scale 
is in Angstrom units (io“* 
cm.) (Courtesy of Pro- 
fessor J. M. Robeicson, 
from The Crystalline Strns- 
lure of Anthracem in the 
Proc, Roy. Soc., Vol. 140.) 
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rock crystal, which is very hard and cx^sive to grind; 
secondly, because ultra-violet light is invisible and has 
to be recorded on a photographic plate. In tins way 
a thing .00004 cm. long can be photographed, provided 
the grain of the plate is not too coarse. X-rays have so 
tmall a wavelength that if we could focus them by 
lenses we could photograph atomsi This cannot be done, 
but by Fourier analysis — a mathematical method — 

to the way X-rays are bent and reflected by 

the layers of atoms in a crystal, we can really map 
out a picture of where these atoms are and how they lie in 
respect to each other. Fig. 30} shows 



Fig* J06. — The principle 
ol' the microscope. 


sudi a picture of the atoms in crystals of 
anthracene, beside it is the arrangement of 
atoms we have assigned to anthracene for 
the last fifty years on the grounds of its 
chemical behaviourl 

But to return to our microscope. It 
has two necessary lenses, the objective 
(usually but not always made up of several 
small lenses) and the eye-piece also made up 
of two lenses. High-power microscopes also 
have a condenser to focus the light on to 
the object which is being looked at. Fig. 
506 illustrates the simplest possible micro- 
scope. The tiny powerful objective lens 
catches the rays fenning out from the 
object and makes them converge, cross and 
diverge again. The eyepiece lens catches 
these divergent rays and bends them inward, 
at the same time making them less divergent. 
The eye catches and focuses them on the 
retina, where they take up quite a big area. 
The rays come to the eye in the same direc- 
tion as they would have had if they had 
come from a far bigger object about lo 



H(m> Ught Travels 


489 


inches away, and this 
imaginary object is 
what die eye thinks 
it sees! Suppose the 
bacterium or what- 
ever object we are 
looking at is made 
to look a thousand 
times as long and a 
thousand times as 
broad: it then will 
seem to have a 
million times the 
area. So the light 
from that bacterium 
is spread over the 
area of a million 
bacteria and will of 
course be a million 
times fainter. For 
this reason, if a high 
power is being used, 
an intense spot of 
light is usually 
focused on to the 
object; if this is not 
done, it looks faint 
and dull and details 
cannot be perceived. 

A very small 
change indeed of F'®- 507.— A jn^em micrMC^ (Mewn. W. Wat. 

. T* r 1 son 8 **Senrice models kindly supplied by the 

the distance of the makers). 



objective from die 

object will alter the angle of the rays so that they no longer 
diverge into the eyepiece at the correct angle to be con- 
verged again into the eye. Consequently, delicate arrangements 
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for raising and lowering the objective lens arc needed — these arc 
called the coarse and fine focusing adjustments. Fig. 307 shows 
a microscope suitable for the highest class of work, Messrs. 
Watson's ‘"Service" model. We note that it has: 

(1) A stand which is very heavy and firm; this is most necessary, 

for if the joints were loose or flexible enough to let the object 
shift only xinyu would seem to shift a whole inch 

when magnified 1000 times. 

(2) A movable mirror to throw the light on the object and a 
condenser made up of several lenses to focus a spot of intense 
light on the object. 

(3) A stage to support the glass slide which carries the 
object. This stage is often moved by screws and racks, for it 
takes a delicate finger to shift a slide of an inch at once as is 
needed in examining bacteria, etc. , under a power of X 2000. How- 
ever, these “mechanical stages” are not favoured by all biologists. 

(4) An objective lens. Two or three of these are usually 
carried on a nose-piece, so that they can be rapidly changed. 
The objective is one of the triumphs of the lens-maker's art; the 
lenses are so tiny and have to be so accurately mounted and 
centred that a good objective is an expensive article; it is quite 
possible to pay £20 for one. llic reason for having several 
lenses in the objective is to get rid of spherical aberration (p. 475), 
which would make the image indistinct, and also to prevent the 
lenses acting like prisms and separating the colours of the white 
light. A bad lens often shows quite noticeable coloured fringes 
round fine details. These two defects of the simple lens have 
been the subject of endless ingenuity and research; the perfection 
of our modem instruments is remarkable, but it is not yet 
possible to get a lens absolutely free from these faults. The 
objective has to be very near the object, which can only be 
covered by the thinnest slip of glass. 

(5) A tube to carry the lenses, shifted up and down by the 
coarse and fine adjustment. The coarse adjustment is only a 
rack and pinion very accurately and delicately made. The fine 
adjustment allows the objective to be raised or lowered by 
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distance as small as 
of an inch The tube which 
holds the lenses rests on an 
L-shaped lever, the long end 
of which is supported by a 
collar which can be moved 
to left or right by a screw. 

A whole turn of the screw 
moves the collar only 
which moves the short end 
of the lever less than ^ of 
an inch. 

(6) An eyepiece fitting 

into the top of the tube. 

This is made from two JoS. — ^Fios adjustment of "Sciricc” 

1 j ^ r ^ microscope* (Courtesy of Messrs. W. 

lenses and a stop between Watson & Sons, Ltd.) 

them. 

It is easy enough to use the nucroscope. The object is put on 
the slide and the objective racked down almost to touch it. The 
mirror and condenser are adjusted until a good light is seen in the 
eye-piece. The objective is then racked up by the coarse adjust- 
ment till the image appears. The fine adjustment is then used to 
get exact focussing and a perfectly sharp picture. 

This is well enough for a fairly low power and easy objects, but 
when we are trying to make out the exact appearance of 
bacterium’s inside at the very limit of the microscope’s power, 
great skill is needed. The light must be exactly focused by the 
condenser The object (probably under water) is covered with a 
thin glass of exactly calculated thickness. A drop of cedar oil is 
allowed to run between this glass and the objective lens and 
between the condenser and slide. This prevents total reflection of 
valuable light rays (and has other advantages). Light of only 
one wavelength is sometimes used to prevent the formation of 
colour fringes. The eye itself makes a great difference. The novice 
secs the image in a microscope clearly enough but finds it very diffi- 
cult to interpret it. All the things he secs arc unfamiliar and he feels 
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like a hog staring at a piano. The expert sees and interprets 
details which the novice would not notice. 

Photographs can be taken with the microscope. A different 
eye-piece is used and a long bellows-camcra attached where the 
eye usually goes. In a town microphotography is very difficult, 
for the minute vibrations due to traffic blur the image seriously. 

Some of the difficulties inherent in the microscopes that use 
lenses have been got over by the use of a new reflecting micro- 
scope. Just as an astronomical telescope can use either a lens or a 
mirror as objective, so also can a microscope. The new reflecting 
microscopes have a metal mirror. This gives several advantages. 
The object does not have to be so close to the mirror as to a 
lens, so there is more room to work upon it while it is being 
observed. Also a mirror reflects all rays in the same path, so 
there are no colour fringes, as with lenses. Lastly a glass lens 
will not transmit ultra-violet light, but a metal mirror will reflect 
it : so it is easy to photograph objects by short-wave ultra-violet 
light in a reflecting microscope, and this means an increase of 
possible magnification. 

It has recently been found that the electron itself behaves like a 
packet of exceedingly short waves, though they are probably not 
electromagnetic waves, as is light or the X-rays. Thus, the 
electron can show interference effects which can hardly be 
attributed to a particle of matter. We can calculate the length 
of these waves and it is only about a twentieth of an 
Angstrom unit, whereas visible light has a wavelength of about 
5,000 of these units. If, then, a microscope could be made to 
use electrons instead of light waves it should be able to magnify 
a hundred thousand times more than the light-microscope and, 
in fact, give us an image of an atom. In the last twenty years 
electron microscopes have been brought to a high state of 
perfection and although they do not magnify to the enormous 
extent that might be possible with electron-waves, they can give 
clear photographs of objects magnified a hundred thousand 
times. Not many years ago it was thought to be quite hope- 
less to expect to see or photograph anything much smaller 
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than a bacterium. The smallest germs were at the limit of 
what we might hope to see : virus particles (p. 1016) were 
thought to be beyond investigation and the 
notion that we might sec molecules seems 
absurd. We need not suppose that the 
modern electron microscope has reached 
perfection, but with the magnification of a 
hundred thousand it is possible to photograph 
even the minutest virus particles and even to 
show up the very large molecules of some 
proteins (pp. 632-5). An example is seen in 
Plate XXIV. 

The electron microscope, as this instrument 
is called, works on the same kind of optical 
principles as the light microscope, that is to 
say the beams of electrons are made to diverge 
and converge to form an image in the same 
fashion as light. But electron beams cannot 
be focussed by lenses, nor indeed will they 
pass through glass or even air. So the 
whole of the works of the electron micro- 
scope has to operate in a high vacuum 
which fact makes it much slower to use 
than the ordinary microscope. Instead of the lenses which bend 
the light, there are magnetic lenses,'' coils of wire carrying 
a steady current and so giving a magnetic field which makes 
the beam of electrons converge or diverge. Instead of the 
source of light in the ordinary microscope there is an “ electron- 
gun,” that is a cathode-ray tube with a tube-shaped anode through 
which the electrons pass out. This diverging* beam is made 
parallel by a ‘‘magnetic condenser lens,” /.^. a coil giving a 
particular form of magnetic field. The beam now passes through 
the object. Here is a difficulty. All solids scatter electrons more 
or less, so there is nothing that is transparent to electrons as glass 
is transparent to light. But the object to be photographed must 
rest on something. A support that interferes as little as possible 



Fig. 309. — Path of 
electrons in the elec- 
tron microscope. 
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has to be found, so the object must be mounted on a film of 
collodion thin as a soap-bubble. The object must also be 
extremely small or thin, because otherwise the electrons will 
be entirely stopped or hopelessly scattered by it; objects cannot 
be viewed by reflection, as is an opaque object in the ordinary 
microscope and if we want to examine such an object (e,g, the 
surface of a metal) it is necessary to make a thin cast of it in some 
substance transparent to electrons. A wonderful means of 
showing up the form of very minute objects is to coat them with 
some heavy metal such as gold. The feat of coating an object 
far beyond microscopic visibility with a metal sounds impossible, 
but actually it is fairly simple. It is done by evaporating gold in 
a high vacuum. The atoms of gold travel in straight lines from 
the metal : so if the specimen is held at an angle to it, the gold 
atoms deposit on one side of it and not the other. The result is 
that any projecting object, e.g. a bacterium, is coated with gold 
on one side and not on the other : this makes its outline very 
clearly visible and it appears as if it were being photographed in 
a strong side light. Plate XXIV was shadowed in this way. 
Whatever method is used to prepare the object, the beam of 
electrons passes through some parts of the object more com- 
pletely than others and thus can be focussed by two more 
“magnetic lenses” so as to give an image on a photographic 
plate. A fluorescent screen can also be used if it is desired 
to see the image rather than photograph it. 

Plate XXIV shows the Metrovick loo kV Electron Microscope 
and some of the results of electron microscopy. The importance 
of the instrument is obvious. It enables us to see structures that 
light could never reveal. Thus Plate XXIV shows bacteria with 
flagellae, minute whip-lashes, that had never been seen before, 
magnified 27,000 times; and the same plate shows the actual 
molecules of the red blood-pigment, haemoglobin, magnified 
82,000 times. The finest dots are molecules ; the larger ones are 
of many of these. 

At present exciting biological facts are being discovered by 
the aid of electron-microscopy, though the field for it is limited 
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by certain difficulties. The specimen has to be dry, for moisture 
would spoil the vacuum, and drying completely alters the delicate 
structure of the living cell: moreover electrons carry a great deal 
of energy and make the specimen hot; heat likewise distorts and 
alters biological materials. So it is not yet possible to look into 
the minute details of the living cell with the electron micro- 
scope. 

Nowadays, the chief industrial use of the instrument is in 
investigating particles too small to be seen by the ordinary 
microscope. Many industries use fine particles : thus the quality 
of paint depends on the size and shape of the pigment particles. 
The dusts of many mines are so dangerous to the workers, often 
slowly disabling them by causing the delicate structures of their 
lungs to become fibrous. With the electron microscope it is 
possible to see how one minute particle differs from another. 
Many are crystals ; they differ enormously also in particle size. 


Microscopt 
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Fig. ?io. — T he principle of the ultramicroscope. 


The ultramicroscope enables us to see — after a fashion — 
particles which are too small to be seen with the ordinary micro- 
scope. Its principle is that, as has already been explained on 
p. 47Z, very minute particles can scatter Ught. If an intense 
beam of brilliant light is directed sideways into a liquid under a 
powerful microscope, none of the rays can enter the objective 
unless they are turned aside. Now if a liquid such as a ‘‘solution” 
of colloidal silver is used, every tiny metallic particle in the 
liquid will scatter some of the light and will be seen by the 
microscope as a dancing speck of light. Their shapes cannot be 
discerned; actually, the oarticle is not seen at all, but its position 
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is by the tiny halo of light it scatters. The Brownian 

movement of these tiny particles is fascinating to watch: they 
do not roll and tremble under the buffets of the water mole- 
cules as do the particles in Indian ink: they dart and dance 
under the ceaseless hail of blows. Here is a true perpetual 
motion. 


TELESCOPES 


The telescope is designed to enable us to see distant objects 
more clearly. The principle on which it works is, roughly 
speaking, t^t the rays from a distant object are bent by the 
lenses to such an angle that they diverge sUghtly and so fill the 
whole of the retina of the eye instead of converging and being 
focussed on to a tiny patch of it. It is important to note that the 
rays from a distant object enter a lens (or mirror) much larger 



than the pupil of the eye. All the 
light which comes from the object 
to the large object glass finally 
enters the eye. Tlie result of this 
is, that although the image is made 
larger, it is still bright. The chief 
kinds of telescope are the Kepler 
form which is used to-day in 
small astronomical and all ordinary 
small telescopes, and the Galilean 
telescope which is often used in 
opera glasses. 

Reflecting telescopes with mir- 
rors instead of lenses are used 
for astronomical telescopes. 

Fig. 5 II shows an astronomical 
refracting telescope made by 
Messrs. W. Watsoa. In its 


Fig. 31 1. — ^A«tronomical refracting 
telescope* (Courtesy of Messrs. 
W. Wattoo 9 k . Sons, Ltd.) 


simplest form the ordinary 
astronomical refracting telescope 



Hm> Light Trmls 


495 


is just two lenses. Hie object glass teceives 
the neatly paiallel rays which it brings to a 
focus. Hie light diverges from this and 
the eye-piece lens brings it to an angle 
at wldch die eye can focus it into a large 
image, which you can see will be upside 
down. Hiis does not matter, for stars 
and planets have, after all, no '*right-side- 
up.” Hie principle and the course of the 
light is like that of the microscope, but 
instead of a powerful tiny objective designed 
to converge rapidly diverging rays, it has 
a weak lens which converges rays, already 
nearly parallel, from a distant object. Hie 
objective is of large diameter so that as 
much light as possible may be collected. 
Hie actual telescc^ as used, has a large 
objective which may be 3 inches in diameter 
(as in Fig. 311), or as much as 3 feet in 
^e largest telescopes. Hus lens is built from 
two different lenses made of different glasses 
in order to prevent the prism effect and 
avoid colour fringes. At the other end of the 
tube is the eye>piece, made up of several 
lenses. Hie mounting is very heavy and solid 
because any vibration is magnified. A 
counter-poise takes the strain of the pivot. 
Graduated circles show the astronomer 
the angle his instrument is making with the 
star he is watching. Hie terrestrial 
telescope (Fig. 312) is like the one we have 
studied except that it has a pair of lenses in 
the centre whidi turn the image the right 
way up. It has a sliding tube for focusing 
urposes. 

An astronomical telescope needs very little 
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focusing, fot all the things it is used on are so far ofi* that, for 
telescopic purposes, they may be considered to be at the same 
distance. 

A pair of binoculars is a combination of two small telescopes. 
The magnification of a telescope depends on its length, so it is 





I 


Fig. 515 . — ^Prismatic binoculars. (Courtesy of Messrs. W. Watson & Sons. Ltd.) 

desirable to have a long instrument. But a long instrument is not 
portable. Fig. 313 shows a pair of Messrs. Watson's prismatic 
binoculars and illustrates the ingenious method by which the 
light is made to go a long way in a short tube by totally reflecting 
it (p. 460) four times from the backs of two prisms. This process 
also turns the image the right way up. Prismatic binoculars are 
always used where a magnification of more than about 6 is 
desired. 

Opera glasses often have a convex object glass and concave 
eye-piece. They give a brilliant image and occupy little space, but 
are only suitable for small magnifications. 

The reflecting principle is preferred for large astronomical 
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telescopes. To sec £iint distant stars, it is necessary to collect a 
wide field of rays and concentrate these into the pupil of the eye 
or on to a photographic plate. Very large lenses are much 
harder to make than very large mirrors; moreover they can only 
be supported by their edges, and their weight makes them bend 
and lose their exactness of figure. Thus when a telescope of 
eight feet in diameter is constructed, a mirror replaces the lens. 
There are other reasons for preferring the mirror. Thus it is at 
the bottom of the telescope 
and is better protected from 
draughts thana lens. Changes 
of temperature are frtal to 
good work because the lens 
or mirror expands unequally 
and loses its carefully con- 
trived shape. 

Fig. 514 shows one pattern 
of reflecting telescope. 

The parallel rays from a 
star enter it and, since the 
mirror is a concave one, they 
are concentrated on to a 
small oblique mirror which 
throws them into the eyepiece at the side. 

The distance at which astronomical objects may be seen 
depends on the light-gathering power of the telescope. To 
plumb the greatest depths of space enormous mirrors are required. 
The largest of these is the gigantic zoo-inch mirror of the tele- 
scope which has recently been set up in the observatory of 
Palomar in California. This mirror stood on eSge would reach 
the eaves of a two-storey house. Its construction was an amazing 
feat: it took six hours to cast, ten months to cool, and four 
years to polishl It is probable that it will come into regular use 
in i9;o. 



Fig. 514. — Reflecting telescope. (Couitesr 
of Messrs. W. Watson tc Sons, Ltd.) 
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The Long Waves 

INFRA-RED RATS 

L ight U only one octave in the scale of radiation. It is the 
easiest to study because our bodies possess in the eye a 
sensitive light-detecting organ, able to ^sedminate roughly 
between the different wavelengths. Light, too, is perfectly 
transmitted by glass, and so is easily concentrated by lenses, 
reflected by mirrors and so forth. If we sort out the spectrum of 
the radiation from a glowing body (say, a gas mantle) with a glass 
prism, we see a band of colours, violet, indigo, blue, green, 
yellow, orange, red— but beyond the place where the ted light 
ceases, nothing appears. 

If, instead of a glass prism, we use one made of transparent 
rocbalt, we find that a long strip beyond the red light is lot, A 
delicate heat detector is a thermocouple: in its simplest form, it 
consists of wires of difierent metals joined, one join being kept 
cold: an electric current is produced depending on &e temperature 
of the hot join. If it has several such junctions it is called a 
thermopile; by using a very sensitive galvanometer to detect the 
electricity, we can ^us make a far more sensitive heat-detecring 
instrument than any thermometer. A good instrument will 
show an increase of temperature of a millionth of a degree. 

If we make a spectrum with a rocksalt prism as described 
above and move a fiiermopile along it, we find that there is a long 
hot region beyond the red end of the visible spectrum. These 
infra-red rays extend from 8,000 A.U. to about 1,000,000 A.U., 
about five “octaves.” These waves ate invisible: when they faD 

4»t 
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on anything, they waim it. They can be refracted 
and reflected just like light but there is a good 
deal of difficulty in handling them, because 
very few materi^ let them through. They can 
now be photographed and infra-red photography 
is important because these long waves are not 
scattered by dust or mist. Thus, a photograph 
taken by infra-red rays is brilliant and ffiarp. 

Plate XXin shows two views, one taken in 
ordinary light, the other taken through a screen 
which shuts out ordinary light, a plate sensitised 
to infra-red rays by certain dyes, being used. 

Many objects which reflect ordinary light in 
the same manner and therefore look alike, reflect 
infca-red rays differently. Plate XXUI shows the 
detection of “mosaic disease” in a tobacco-leaf 
while it is yet invisible to the eye. 

A striking result is the possibility of taking a 
photograph in a dark room] Plate XXIH shows 
a photograph taken of a tea-cup taken in total darkness by the 
rays from two hot electric ironsl Several hours’ exposure is 
needed. It should be possible to take photographs in dark rooms 
with these specially sensitised plates provided that a sufficient 
exposure were given, for infra-red rays are always being emitted 
by every object. Inf^-red radiation was used during the war of 
1939-45 to enable bombers to “see” their objective in the dark. 
An infra-red picture vms received on a screen which emitted 
electrons when stimulated by these rays. These electrons were 
accelerated and then impinged on a fluorescent screen, so repro- 
ducing the infra-red picture in visible light. « 

The “residual rays” are of even longer wavelengths; they can 
be reflected from rock-crystal which transmits the ordinary infra- 
red rays. They arc not at present of practical value. Only slightly 
longer than these, however, are the shortest waves of “radio- 
frequency.” 


jn. 
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Fig. 51J. — ^Thc 
principle of the 
thenno- couple. 
When the two 
junctions axe at 
different tem- 
peratures a cur- 
rent flows. The 
right-hand junc- 
tion is kept at a 
constant tem- 
perature, the 
other is used as 
a thermometer. 
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RADIO 

Electromagnetic waves of frequency from a few inches up to a 
mile or more can be generated by moving electric charges, and 
are of vast importance as the means of transmitting wireless 
telegraphy, telephony and television: For these purposes, waves 
of length 200—2,000 metres are most suitable; the short waves of 
10 metres or so are rather easily screened by intervening hills or 
buildings, but are likely to be important for television. The most 
obvious dijfference between wireless waves and light, is that the 
former are able to pass through (or round) all ordinary obstacles. 
Light is stopped by most kinds of matter because light waves are 
of about the right frequency to set an electron moving in an atom; 
consequently, the light is used up in setting these in motion. A 
wireless wave is so much slower that it is quite “out of tune"' with 
ordinary matter, and therefore passes through it without affecting 
it or being affected by it. 

The principle on which wireless waves are generated is to set 
electrons surging back and forth in a wire, the aerial; the number 
of times they swing along the wire every second can be altered in 
various ways. As we have already seen on p. 422, an electric 
charge moving back and forth will cause an electromagnetic 
wave of the same frequency (speed of vibration) as the motion of 
the change. The simplest device which can make an electron 
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Fig. 316. — The old fashioned spark- transmitter. 
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rush backwards and forwards from 30,000 to 3,000,000 times a 
second, is the old-feshioned spark transmitter. Fig. 316 shows it 
in a very simple form. Wireless waves are generated by an 
electron moving back and forth along a wire. The frequency of 
the wave depends on the time of travel. 

Suppose fhe induction coil is set to work. It crowds electrons 
into the left-hand side of the apparatus and draws them out of the 
right-hand one. The attraction of the positively charged plate 
(B) of the condenser assembles a great multitude of electrons on 
the negative plate (A) (Fig. 316, 1 ). As the electrons accumulate 
on the left, a time comes when their mutual repulsion is too great 
and they leap the spark gap and rush round the wire to B. 
(Fig. 316, II). But, just like a pendulum falling, they over-reach 
themselves and pile up at B (Fig. 316, III). They then repel each 
other as badly as before and so rush back across the spark gap to 
A. The electrons thus rush back and forth along the wire and, in 
doing so, will generate a wave. Now, the frequency of this wave 
will depend on the number of journeys the electrons will do each 
second, i.e., on the time between successive journeys from A to B. 

This time depends, first, on the capacity of the condenser. By 
this we mean the number of electrons it will 
take before they get to a certain degree of 
overcrowding and repulsion. Naturally, the 
bigger the condenser plates the more electrons 
they will hold, and the nearer the plates the 
more they will hold, because the attraction 
of the positive plate keeps the electrons there, 
and the shorter the distance the greater the 
attraction. Well, the greater the capacity of 
the condenser, the longer it will take to fill 
and empty; so by using a variable condenser 
(Fig. 317) we can alter the vibration time of 
the circuit. In a variable condenser the area 
of the effective part, where the positive and 
negative plates face each other, is altered by 
turning the milled head attached to the 



Fig. 317 — The prin- 
ciple of the variable 
condenser. The 
effective part of the 
condenser is where 
A and B overlap;' the 
extent of this is 
alterable by turning 
A. (Courtesy of the 
University Tutorial 
Press, from Hutch- 
inson’s Wirehss^ 
Us Priftcipits and 
Praetif§. 
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spindle carrying the movable plates. Included in the circuit is 
also an ind» rt^nce I. This is a simple coh, but as the electrons 
speed up round one turn they tend to induce a current in the 
opposite direction in the next turn and so oppose their own 
motion. An inductance then slows down the vibrations. So by 
varying the size of the condenser and the inductance, we can, in 
theory at least, produce oscillations of any frequency we like. 
Actually, the spark transmitter is out of fevour because it emits 
a great number of harmonics, waves of multiples of the main 
frequency, and these interfere with other users of the radio. 



Fig. 318. — (Left) The interior of a triode valve. Part of the outer 
(solid) plate and of the grid of spirally wound wire is cut away, 
exposing the filament. (lUght) A ^ve used as amplifier. (Courtesy 
of the University Tutorial Press, from Hutchinson’s Wireless: Its 
Principles and Practice, 


All modem wireless telegraphy and telephony is based on the 
thermionic valve, one type of which is shown in Fig. 318 (left). 
In one of its simplest forms it has a plate or anode P, a wire-mesh 
grid G and a cathode K in a high vacuum. The cathode K is 
coated with some material, such as barium oxide, which emits 
many electrons when hot. It is kept hot by a small current 
(from the battery A) which either flows round the cathode, if it 
is in the same form as the filament of an electric lamp, or through 
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a separate heating coil enclosed 'within the cathode. The plate 
and cathode ate connected to the teiminals of a high voltage 
source such as a high tension battery B as in Fig. 318 (right). 

Suppose the grid is connected directly to the cathode so that 
they are at the same potential, or voltage. Then, the negative 
electrons emitted by the heated cathode will be unaffected by the 
grid and will be attracted to the positive plate. In other words, a 
current ■will flow through the circuit P, G, K, B. Suppose, how- 
ever, the grid is made more negative than the cathode by insetting 
a grid-bias battery C. The grid will now repel the electrons which 
try to get through its meshes and, as fewer of them will reach 
the plate, the current through the valve will be reduced. In &ct, 
the grid is so near the cathode that a negative potential of say 
10 volts applied to it will be sufficient to repel all the electrons 
back to the cathode, so that no current flows, even when the 
plate is at a positive potential of 1 50 volts. H the grid is positive, 
it attracts more electrons away from the ca&ode and, once they 
have passed through its meshes, the plate pulls them in so that a 
larger current flows. 

By applying an alternating potential to the grid, an alternating 
current of the same frequency flows through the valve. When a 


No current Current 



Fic. 319.— Action of ttiode valve, with electrons represented as small circles. 
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Arrangement 
for switching 
on and off 

Fig. 520. — A very simple 
valve transmitter (without 
aerial. 


resistance is inserted between the pktc 
and the battery B, this alternating 
current gives rise to an exactly corres- 
ponding alternating potential between 
the ends of the resistance Thus, an 
alternating potential of i volt amplitude 
applied to the grid gives rise to an 
alternating potential of the same 
frequency across a resistance in the 
plate circuit, but the latter is of greater 
amplitude, say 20 volts, and the valve 
acts as a voltage amplifier. 

The modern radio transmitter which has to produce waves of 
very great power and of practically fixed wavelength is a very 
complicated arrangement. If we see how a simple valve trans- 
mitter works, such as that shown in Fig. 320, we shall at least 
grasp the principle of large-scale transmission. Suppose the 
switch is closed so that a current starts to flow through the 
circuit B, I, P, K. The increase in the current through the 
inductance coil I induces a current in the opposite direction in the 
coil r. This makes the grid more negative, or less positive, and 
reduces the current through the valve. But reducing the current 
through I induces a new current in the other direction through I'. 
This makes the grid more positive, increases the current in I and 
again induces a current in the original direction in I'. This 
process will continue ad infinitum^ 
the current of electrons in T being 
reversed perhaps millions of times 
per second. The number of times 
a second the electrons run back 
and forth in V depends upon the 
slowing down of the current by the 
inductance itself and the size of the 
condenser C which has to be filled 

and emptied of electrons each the waves gen- 

, f ^ , etated by the valve arc radiated 

time the direction of the current by the aerial. 


AERIAL 
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changes. By altering the capacity of this condenser, the time of 
oscillation can be altered. It should be noted that the current 
through T' does not flow through the valve between the grid and 
cathode, but it is the alternating potential between the ends of I' 
which is applied to the grid. This causes an alternating current 
through I of the same frequency as that through I'. To make 
this current as large as possible, the coil I usually has a condenser 
C connected across it so that it resonates. The electrons running 
up and down this coil I, and the wires which feed it, would 
generate electromagnetic waves, though rather feeble ones. In 
order to radiate electromagnetic waves of considerable power, the 
coil I is allowed to induce currents in a third coil A (Fig. 321), 
which is connected to earth and an aerial wire. By altering the 
length of this coil, it is possible to make the aerial and coil A of 
the right length for the free electrons in them to travel from end 
to end of the system in the same period as the electrons oscillate 
in the coils I and I'. Thus the small oscillating current in V 
serves to keep a much larger current oscilkting in the aerial, 
just as the light push of the escapement of a clock keeps a heavy 
pendulum vibrating. 

It is important to grasp that the electromagnetic waves radiated 
from the aerial have a frequency between approximately 150,000 
and several millions per second. We wish to use these waves to 
express by their variations sound waves with a frequency of 100 to 
10,000 a second. During the time of a single sound wave, from 
15 to, say, 100,000 electromagnetic waves will be transmitted. To 
convey a musical note of 1,000 vilbrations a second by means of 
these waves which vibrate perhaps a million times a second, we 
might switch the radio waves on and off 1,000 times a second, so 
sending out pulses of five hundred waves each, one two- 
thousandth of a second apart, thus: 

500 radio-waves 500 radio-waves 500 radio-waves 

each lasting each lasting each lasting 

- ^ ^ ^ ^ «- _ * V... .1 !■ y I I IK' 

XTmu sec. TffuVxj sec. sec. -^151515 

one sound-wave one sound-wave half sound-wave 
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Now, we akeady know that a telephone transmitter into which 
a musical note of i,ooo vibrations a second is played will produce 
a thousarxi pulses of electric current every second, so that, if we 
connect a microphone to the grid circuit of a valve (D, Fig. 322), 
preferably through a transformer, the valve will let a single pulse 
of current through at every sound vibration. This pulse will 
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Fig, 5za. — simple ttansmittcr for witeless telephony. 


reach the valve E and start oscillations in I and I', and so set the 
electrons swinging in the aerial. Accordingly, the arrangement 
in Fig. 322 would make a simple sound transmitter. The micro- 
phone gives currents -j 1 1 1 — , etc., in time with the 

sound waves. Valve D turns these into pulses of direct current 
+ + + +, still in time with the sound waves. Each pulse 
sets the current in the two coils I and I' oscillating at some very 
high frequency as long as the pulse lasts. The current in I is an 
alternating one, thus: 
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cuaent oscUlating cuaeat oscillating 

no no 

current for time of i current for time of i 
sound wave sound wave 

These oscillating currents set electrons s winging in the 
this sends out trains of waves of the same frequency, and each 
train of waves corresponds to a single sound wave. 

In order to receive the wireless waves, the first tKing is to 
catch them. When the electromagnetic waves reach the receiving 
aerial, they set the electrons 
in it vibrating up and down 
it in time with the waves, 
say 1,000,000 vibrations a 
second. In order that these 
vibrations should be as strong 
as possible, it is necessary to 
regulate your aerial til] the 
electrons in it will naturally 
surge back and forth along 
it in time with the waves. 

This can be done by using a 
coil of variable length like 

the one in Fig. 522. However, a more usual metliod is to attach 
also a variable condenser so that you can slow or quicken the 
surge of electrons by giving them a bigger or smaller condenser 
to The process of giving the aerial the right period is called 
*‘tuning^\ TTie current in the aerial and tuning coil can be 
represented thus: 

“ AAAAAA/ 

Fig. 324. 

If there were no grid bias battery, the resultant alternating 
voltage across the coil would make the grid alternately positive 
and negative. Suppose, however, that the grid is made negative, 
by a small battery, so that no current flows through the valve 
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when there is no alternating current in the aerial. Then, making 
the grid more negative will not change the current through the 
valve, but when the current in the aerial makes the grid more 
positive so that the negative voltage from the battery is weakened 
or even reversed, a current of electrons will flow from the cathode 
through the grid to the plate. The result is that, instead of the 
alternating current, we have in the circuit through cathode, plate 
and telephone a succession of currents in the same direction, at 
the rate of, say, 1,000,000 a second. 

Now, a succession of electric currents lasting one two-millionth 
of a second at intervals of one two-millionth of a second affects a 
telephone receiver like a smooth continuous current, for a 
telephone is much too heavy a piece of apparatus to vibrate at 
this speed. So, if the transmitter sends out groups of waves, as in 
3^4 j each group lasting for a two-thousandth of a second, the 
valve will rectify them thus: 

-ijj ^ , a a a a 

Fig. 525. 

and the telephone will vibrate as if a continuous current was 
being switched on and off in it, thus: 


off for 

on for 

off for 

on for 

off for 
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sec. 

sec. 

sec. 

sec. 

sec. 


which will make its diaphragm vibrate a thousand times a 
second and generate a sound of 1,000 waves a second. 

We have talked throughout as if the sound wave was like tliis: 



Fig. 326. 


and therefore gave a similar current in the microphone and 
caused electromagnetic waves like this: 
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Fig. 527. 
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more like this, only more complicated in form; 



Fig. 328. 

and the microphone currents, and the voltage applied to tlie 
valve D (Fig. 522) are thus: 

Positive 
Negative 

This makes a current like this in the valve circuit: 

/N 

and the varying current in the aerial which sends out a wave like 
this, reproducing the form of the original sound wave in a 
pattern of electromagnetic waves. 



This is the wave that is picked up by the receiving aerial. After 
passing through the detector valve (Fig. 325) it has the form 
shown below. 












the lower negative halves being much reduced in amplitude with 
the result that pulses of rapidly varying current, varying in the 
same way as the original sound waves, are produced. These, 
after amplification, operate the telephone or loudspeaker. 

No wireless set is as simple as the one described here. The 
most important additions are more valves used as amplifiers to 
increase the voltages from the aerial to the rectiflying valve, and 
the currents from this valve to the telephone or loudspeaker. 
The way in which a valve can act as an amplifier is explained 
onp. 505. 
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But since it is not very easy to understand any wireless set, 1 
have kept to the simplest possible. My diagrams are about as like 
the real thing as the maps in the Tu^ trains are like the actual 
system. But if you grasp how a sound wave can be translated 
into electromagnetic waves and these back to sound, you will 
at least be in a position to begin to understand “how wireless 
works.” 

Television — the process of making a scene enacted in one spot 
visible at another by the agency of radio signals — ^is a fer harder 
problem than broadcasting. A single train of sotmd-waves will 
convey to the ear all it can hear. The complex sounds of a 
railway station, for example, can all be reproduced by the single 
vibrating plate of a loud-speaker or sound box. It is odierwise 
with light. In “viewing” the image on the retina of the eye, the 
brain appreciates a pattern of stronger and weaker light-waves all 
perceived at once. Wireless signals entering an aerial can only give 
one signal at a time; they ate either coming in or not coming in, 
and that is all there is to it. They can give any pattern of signals 
one after the other, but not at the same time. Accordingly, 
television has to divide the picture into lines and spots and show 
each part with a single signal. If a whole picture is shown, one 
part at a time, but all within a twentieth of a second, the eye will 
see it as a whole because the first part will not have faded from its 
retina until the last part has already made its impression. 

Fig. 329 (i) shows a picture, say a film, at the transmitting 
station. Now suppose it divided into an imaginary gridiron of 
lines. Make a thin light beam travel along all those lines from 
X to Y, 2j times every second and let the light spot be focussed 
on to a photo-electric cell (p. 484) which allows a current to pass 
proportional to the brightness of the light that falls on it. When 
the beam is traversing a dark part of the film, the photoelectric 
cell will let little current pass: when the beam goes through a 
light part, a bigger current will pass. So during each Ath of a 
second, the photoelectric cell will send out a current which varies 
from strong to weak in just the same way as the part of the film 
then scanned by the beam, varies from light to dark. Now this 
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varying current can be made into a wireless signal just in the same 
way as the varying current of a microphone. 

The receiver operates a cathode-ray tube (Fig. 329A), which 
consists of a highly exhausted glass vessel, the nearly flat bottom 
of which is coated with material which gives out light when 
electrons strike it. The cathode-ray tube has a cathode which 
projects a thin stream of electrons in the same way as do those 
described on p. 294. This stream can be deflected by electrical 
attraction; and by means of electric fields applied to the plates 
XX, YY, in the narrow portion, the beam of electrons is made to 
move in just the same pattern as that in which the transmitting 
beam moves. The electron beam is made (by other signals) to 
keep time with the transmitting beam. So, on Fig. 3 29, if 
the transmitting beam is at Q at any instant, the receiving beam 
will be at the corresponding spot Q'. 

Now the television signal is received like any ordinary wireless 
signal, and the electric currents produced by the set — ^which, of 
course, are identical with those produced by the photoelectric cell 
in the transmitting station — are used to make the beam of 
electrons weaker or stronger and the point where they strike the 
fluorescent screen fainter or brighter. Thus, if the transmitting 
beam is passing a 5ark bit of the picture at Q, the electron beam 
will be at Q' and the faint signal will make the screen dim. If the 
transmitting beam is on a light bit at R, then at that moment the 
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electron beam will be at the corresponding spot R' and will be 
made strong by the strong wireless signal the set has just received, 
and the part of the screen it strikes will be correspondingly 
bright. Accordingly, every bit of the receiving screen will be 
illuminated strongly or weakly, once in ^th of a second and the 
little bits of dark and bright illumination will be combined by the 
eye into a single picture. This should explain how a still picture 
at the transmitting station is received by the set. 

Now suppose that each irVth of a second a new slightly different 
picture is transmitted from the station. Clearly these will blend 
(as in the cinema) and we shall see on the screen a moving picture. 

Fig. 329A.—- Githodc- 
tay tube. Electrons 
are given out by a 
heated filament at the 
cathode C and are 
focussed into a beam 
by the charged plates 
and cylinders Ai, A2, 

Aa, The beam can be 
deflected up-and- 
down or horizontally 
by the charged plates 

XK,YY, It strikes the fluorescent material at Sand causes a bright spot oflight to appear. 

RADAR 

The word “radar’ ^ is derived from the initial letters of the words 
“nreiio detection ^d ranging’"; the system was previously known 
as R.D.F. (radio direction finding) and then as radiolocation. 

To understand the principle on which it works we can best 
consider the way in which sound waves might be used instead of 
wireless waves (cf. pp. 375 and 387). Let us imagine that we are 
standing 5 50 feet away from a cliff and shout. The soimd waves 
travel to the cliff and are reflected so that, as the speed of sound 
waves in air is approximately 1,100 feet per second, some of them 
reach us as a feint echo one second later. If the echo had been heard 
only i second after the shout, then we should have known that 
the sound waves had travelled a total distance of only 550 feet 
and that the reflecting object must have been 275 feet away. An 
ordinary watch would be of little use for accurately measuring 
such short time intervals, but we might use a rotating drum as 
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shown in Fig. 350. As the drum rotates at a 
constant rate, the pen draws on it a line which 
is straight except for kinks at the instant we 
shout and when the echo is received. Knowing 
the rate of rotation of the drum, the distance 
between the kinks gives us directly the time 
taken by the sound waves in their journey and 
hence the distance of the reflecting object. If 
the shouts are made at regular intervals, once 
for every revolution of the drum, the pen 
will re>trace the same path each time as the kinks will always fell 
in the same places. 

With a radar installation we measure the distance of reflecting 
objects by timing echoes of radio waves instead of sound waves. 
This involves more elaborate apparatus as the speed of radio 
waves is 1 86,000 miles per second and an echo would be received 
from an object 93 miles away after ^^jV^th second. With the 
object at a distance of 491 feet the echo would arrive after only 
one millionth of a second. As the timing device must operate 
much more rapidly than a rotating drum, we use a cathode-ray 
tube similar to that found in television receivers. The electron 
beam traces a straight line, or tme-base^ on the screen at the end of 
the tube in say second and then flies back very rapidly 

before repeating the process at regular intervals perhaps 300 times 
a second. When the radar transmitter sends out a pulse of radio 
waves, which must last for only a few millionths of a second ifi l: 
is not to interfere with its echo, the trace on the screen is made to 
show a kink or to become brighter, just as it is when the echo is 
received. The distance between the two kinks or bright spots on 
the trace then indicates the distance of the reflecting object from 
the radar station. A single trace which is completed in about 
second does not last long enough for it to be seen, but 
it will appear almost stationary when repeated many times a 
second, like the background in a picture on a cinema screen 

483)- 

A radar transmitter is, then, similar to a wireless transmittet 
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Fig. 330. — Rotating 
drum for measur- 
ing time intervals. 
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Aerial 


Fig. 532. — Linear TimC'base 
on ladar screen. 


§ *«"«> which is switched on only for 

\ short periods of perhaps five 

•V'^ ^ jnj millionths of a second at regular 

Fig. «i. — Pnnaplc o •Ground Radar . , . , 

Syst^ for the detection of aircraft intervals, say 300 times a second, 
(by courtiMy of^huea & Tjug switching cannot be done 

tromMitchar 8 r*x/ 4 M^^E&«<rw()r). , 1 • 1 j 11 

by mechamcal means and usually 
involves elaborate arrangements of radio valves and a system of 
condensers, the rate of filling and discharging of which controls 
the timing. The radar receiver closely resembles, in general 
principles, an ordinary wireless receiver which is modified to 
deal with waves of extremely short wave-length, ranging from a 
few metres down to about i cm. Instead of a loudspeaker, a 
cathode-ray tube is used to display the signals as already described. 

With the early radar installations the direction of the reflecting 
object was determined by using two or mote sets of directional 
aerials which “looked” in different directions, and then comparing 
the strengths of the echoes they picked up. Most modem 
installations have a rotating aerial which sends out the radio waves 
in a narrow beam, like a searddight, so that 
the direction of the reflecting objea is given by ^ 
the direction in which the aerial is pointing f \ 

when the echo is received. To show this on the N 

cathode-ray tube screen, the time-base is made V J 

to rotate in step with the aerial and to become 
brighter when the echo is received, as in Fig. 

35), instead of showing a kink. laeen. 
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U LTRAVIOLET radiation is the name given to the rays of 
wavelengths from about 500 to 3,900 A.U. These numbers 
are chosen beause radiation of greater wavelength than about 
3,900 A. U. is visible to the eye and is called “light,” while 
radiation of joo A.U. and shorter behaves like X-rays. Actually, 
ultraviolet light and X-rays overlap. The same rays can be 
obtained by spark and arc spectra and from X-ray tubes. The 
ultraviolet rays of very short wavelength arc difficult to in- 
vestigate, for ffiey are stopped by ordinary transparent substances 
so that prism-spectrographs cannot be used. Gratings can hardly 
be ruled fine enough, while the crystals (p. 519) used to diffract 
X-rays are too fine. Ultraviolet light of wavelength longer than 
1,830 A.U. can be refracted by lenses or prisms of fluorite or rock- 
crystal. The rays of wavelengths 2,ooo--5,90o A.U. are, there- 
fore, best studied and most used, and are what we ordinarily call 
ultraviolet rays. 

Ultraviolet rays are usually produced at the same time as 
light. Thus, a white-hot body gives both kinds of radiation, 
l^e sun sends out great quantities of ultraviolet radiation but 
since it is more easily scattered even than blue light, the earth 
receives little or none when the air is hazy. However, a certain 
amount of light of wavelength down to about 5,000 A,U. ^cts 
through An arc lamp is a rich source of these short radiations, 
particularly an arc between poles of iron. Most artificial sources 
of light are seen through glass which only lets through the waves 
longer than 3,400 A.U. An ordinary glass filament lamp or 
discharge tu^ therefore, gives very little ultcaviolet light. 
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Moreover, daylight received through glass windows contains 
very little ultraviolet. The new "Vita” glass will transmit rays 
down to 3,000 A.U., and so passes almost all the shortwave light 
which reaches us through the air. 

In practice, we require ultraviolet light free from ordinary 
light. The best way of producing it is to use a mercury vapour 
lamp (p. 448) made of silica — fused rock crystal — ^instead of glass. 
The brilliant light produced is of many wavelengths, but if 11 
is allowed to pass through a sheet of dark glass coloured by nickel 
oxide, the light is excluded while much of the ultraviolet rays 
pass on. 

Ultraviolet light affects the photographic plate much mote 
rapidly than ordinary light and generally has more effect on 
chemical compounds. 

One of the most interesting things about ultraviolet radiation 
is its effect on living things. It is very destructive to the human 
eye. Snow-blindness is an irritation of the eye resulting from the 
ultraviolet waves of sunlight reflected from snow. Most things 
absorb ultraviolet light completely and so cannot reflect it. 

The carbon arc and still more the iron arc are very dangerous 
to the eye. In electric arc welding deep blue shields are always 
employed. Ultraviolet light causes the skin to become pigmented 
and it is the ultraviolet light in sunlight that causes the skin to be- 
come brown. The story of the way vitamin D is made by ultra- 
violet light shining on plant and animal foods is a remarkable 
one, and is told in Chapter XXXVIII. It is very generally believed 
that good health and resistance to infection results from exposure 
to this light. The artificial sun-lamps now widely used enable us 
to become brown in winter. 

Ultraviolet light is very destructive to bacteria and low forms 
of life which have no opaque skin to protect them. Water can be 
sterilised without affecting its flavour by running it through a 
tube containing a quartz mercury arc. A certain amount of 
trouble is caused however by films fomung on the tube and 
obstructing the light. The most interesting feature of ultraviolet 
light is the way it causes fimrtsetna. When shortwave light 
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l ehinfts on certain materials, they give out light of a longer wave- 
length. The shortwave light supplies energy to the molecules 
which they give out again as long-wave radiation. Some things 
fluoresce in ordinary light. Fluorescence is very well seen with a 
weak solution of ted ink (eosin). If a tumbler of this is held up to 
the light, the unchanged light coming through is pale pinkish- 
yellow. The solution, however, ffves out light in all directions, 
and seen from the side, it appears bright green. Ammoniated 
quinine gives the same effect. Looked through, it is colourless, 
but seen sideways, a pale luminous blue. Now, ultraviolet light 
makes many things fluorescent and this looks very striking, 
because the ultraviolet light is invisible, while the light given out 
by the fluorescent substance is usually bluo-green but may be red 
or violet. In the Natural History Museum at South Kensington 
there is a remarkable exhibit: a case of minerals with an ultra- 
violet lamp above. When this is switched on, the case remains 
dark while the minerals fluoresce and glow with varied coloured 
lights. This is not only a scientific curiosity, for many things 
which look exactly alike to the eye can at once be distinguished 
because they fluoresce differently in ultraviolet light. Mixtures 
of other flours with wheat, margarine in butter, chicory in coflee 
can be readily deterted. In medicine, ring-worm is easily discovered, 
for the fungus that causes it fluoresces with a brilliant green lighti 

A most remarkable use is in detecting forgeries. Writing 
which has been erased, usually leaves traces behind. Plate XXIV 
shows a bearer cheque from which the amount has been skilfully 
erased, and another inserted. The photograph in ordinary light 
shows nothing, but in that taken by ultraviolet rays, the altera- 
tions arc easily visible. 

Writing which has been erased from ancient manuscripts may 
often be read by ultraviolet light. A remarkable use of it is in the 
detection of stains of blood and of other animal fluids. 

The use of fluorescent glass in the green “neon-tubes” is 
mentioned on p. 447. 



5x6 


The World of Science 


X-RAYS 

The rays of wavelength 500 A.U. and less are easily obtainable 
and are called X-rays. They are produced, when anything, 
usually a piece of some hard infusible metal is bombarded with 
electrons. The violent blows of the flying electrons drive the 
electrons of the atoms of the metal out of the “places** near the 
nucleus. When the electrons from the outer places fill up these 
vacant spaces, they make a jump to a position of much lower 
potential energy: consequently, a great deal of energy is given out 
in the quantum of radiation emitted. Now, a big quantum means 
a high frequency and short wavelength. To get very short X-rays 
we bombard metals whose electrons are very difficult to dislodge 
and whose places will be filled with the greatest emission of 
energy. Such metals are tungsten, molybdenum, or gold. 

The voltages used in generating X-rays are almost always in 
excess of 50,000 volts. The problem 
of safety from shock is therefore, one 
which has received considerable attention, 
Caihodo particularly since the apparatus must be 
as small as possible. X-ray tubes, there- 
Taraet of mounted in an earthed metal 

Metal Foil container known as the tube shield. Most 
modem tubes are immersed in a highly 
insulating oil, within this shield. Gener- 
ally speaking voltages from 50,000 to 
100,000 are used for diagnostic radio- 
graphy, whilst voltages from 100,000 
up to several millions are used for the 
Fig. 334. - The simplest therapeutic treatment of diseases. 

X-ray Tube, as used fifty The purpose in radiography is to 
years ago. achieve good contrast in the picture, 

between tissues of varying densities, whilst for therapy the 
purpose is to ensure that the maximum X-ray energy is 
absorbed by the cells it is intended to destroy. The ranges of 
voltages referred to above, are necessary to satisfy these various 




PLATE XXV 



^TT^loodstainc!^lon^S^«r^mc washed and photographed in 
orciinarv liEht (Rlgif) Same as centre, but photographed hy ultra-violet 
ght ’^^Brcouncs^v of Dr. F. W. Martin, Meehco-l.cgal Department, 
' Univcfsitv <>t Glasgow.) 



X-ray pictures of welded 
seam in rolled steel boiler, 
rhe top shows a perfect 
weld; the lower two show 
extensive piping. (Courtesy 
of Newtf>n Victoi, Ltd.) 


Ray max. 140: High voltage 
generator, control panel and 
X-ray tube unit. Completely 
transportable. (Courtesy of 
Newton Victor, Ltd.) 




Photograph, taken by the electron microscope, of fibrous keratin from the 
wool fibre (magnified about 65,000 times). It has been suggested that the 
small strings of globules visible arc strings of actual molecules. (By courtesy 
of Dr, H. H. Mercer, Textile Physics Laboratory, University of Leeds.) 
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conditions, bearing in mind that, the higher the voltage the 
higher the energy of the X-rays. 

An X-ray tube consists of a source of electrons known as the 
Cathode, and a target or anode. These two components are 
mounted in a glass envelope, which is very highly evacuated. 
The first X-ray tubes consisted of no more than this (Fig. 554) 
but the quantity of radiation they gave was feeble nor was it 
directed into a beam. In the modern type of X-ray tube the 
electrons are emitted from a heated tungsten filament, mounted 
in the cathode, and these electrons are focused electrostatically 
into a beam. They are accelerated towards the target by the 
high voltage applied to the tube, the X-rays being generated 
from the point of impact. 



Fig. 354A. — K modem rotating anode diagnostic X-ray tube. The outer casing is 
earthed and the high volt^e is led to the tube through the catfe sockets. The 
whole casing is filled with highly insulating oil. Mounted in the centre of 
the shield is the actual X-ray tube, which is n^e from hard Boro -Silicate glass. 
An X-ray window is provided opposite the target, in a plane at 90® to that of the 
drawing. (By courtesy of Mullaid Electronic Products Ltd.) 


In medical radiography where the movement of the human 
organs affect the sharpness of the radiograph, it is important to 
use the shortest possible exposures. Therefore an intense beam 
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of electrons is required, which heats the target. The most modem 
form of X-ray tube for this purpose, is shown in Fig. 534A, and 
is the rotating anode tube in which the electron stream impinges 
on a tungsten disc which rotates at 3,000 revolutions per minute. 
This enables the heat, which always accompanies the generation 
of X-rays, to be dissipated from a ring-shaped area of some 

l, 000 square m.m, instead of from a rectangular area of 7 square 

m. m., as in the case of a fixed target tube. 

X-rays have four great uses. First, they penetrate materials 
with light atoms and are stopped by materials with heavy atoms. 
Thus they penetrate flesh easily, but bone less easily. X-ray 
photographs are shadow pictures, not images focused by a lens. 
They are taken by placing a photographic film (wrapped in black 
paper to keep ordinary light out) on one side of the patient and 
directing X-rays on his other side. The X-ray picture is an 
invaluable aid in the treatment of any injury to a bone or joint. 
Soft parts are more difficult to X-ray. The intestinal tract is feirly 
easy, for if the patient eats a great deal of the harmless barium 
sulphate, this coats his stomadh and intestines, and, as it stops 
X-rays, a good shadow-picture can be taken. Lipiodol is a harm- 
less oil containing the heavy element iodine. By letting a little of 
this trickle into the lung and the air cavities, we can get a picture 
of these. Plate XXVI shows the elaborate “tree^' of air passages 
in the lung outlined with lipiodol. The ribs and collarbones are 
clearly seen. 

The second use of X-rays is a similar one. The shortest-waved 
X-rays easily penetrate steel, and it is possible fo spot a hidden 
crack in a weld or casting by an X-ray photograph (Plate XXV). 

The cancer-cell is destroyed by X-rays of the right wavelength. 
Most living cells, perhaps all, are destroyed by sufficient exposure 
to X-rays. The cancer-cell is more susceptible than most others, 
and consequently the whole of a small growth can sometimes be 
destroyed by X-rays: sometimes portions remain and start a new 
growth, but in almost every case, there is at least a great temporary 
improvement. Curiously enough, while X-rays are used for the 
treatment of cancer, they may also cause it. A short exposure is 
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perfectly harmless: but many of the early workers with X-rays, 
who did not know the danger, contracted a very slow but 
intractable skin disease, which made them martyrs to the science 
of radiology which has saved the lives of thousands of others. 
To-day, X-ray tubes are heavily screened with lead so that no 
rays can go elsewhere than where they are needed. The old 
X-ray tube diffused a wide beam of rays which were apt to stray. 
The modem type sends a directed pencil of rays where they are 
needed. X-rays are also destructive to the cells in the bone 
marrow that produce blood corpuscles. The exploding atomic 
bomb produces a gigantic burst of X-rays. Those exposed to it, 
if they are not killed by bums or blast, may perish within a week 
or two as a result of the lack of the new blood-corpuscles these 
cells continually form. If the damage is not too great repeated 
blood-transfusions may save them. 

Finally, X-rays have done an enormous amount towards 
making us understand what solids are. In the earlier chapters of 
this book, I said much about the way in which the atoms and 
molecules of solids are arranged. Almost all this information was 
found out by use of X-rays. 

To understand this, turn back and read the sections about 
interference of light and about diffraction gratings. When a 
beam of light of a single wavelength shines on a soap film, the 
film appears dark and light in patches owing to interference. 
This occurs because a soap film is about as thick as a light-wave is 
long. Now a crystal is built of layers of atoms and these are 
about as £ir apart as the wavelength of X-rays. Accordingly, the 
layers of atoms in a crystal cause interference in X-rays. X-rays 
have various wavelengths but if we use a potential of about 
50,000 volts and a molybdenum target {se$^ Fig. 334A), the 
X-rays are nearly all of the same wavelength. This wavelength 
was found (by an interference method) to be 0.712 A.U. or 
.00000000712 cm. Suppose we shine this molybdenum radiation 
on a crystal, which consists of layers of atoms regularly spaced. 
Then, if the X-rays strike the crystal at one or two particular 
angles, all the waves reflected from these layers will have their 
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crests together and troughs together while at 
other angles the troughs and crests will not 
coincide and the light will interfere. The result 
is that a crystal reflects X-ra3rs very strongly at 
certain angles and very feebly at others. 

If you look at Fig. 535 you can see that if you 
knew at which angles X-rays were reflected 
from crystals, you could tell where the layers 
lay, for, hke light and all radiation. X-rays are 
reflected back at the same angle at which they 
come off. Thus, if a lamp is at A, a hidden 
the Mgle of re- mirror at B and the spot of light at C, you 
^ position of mirror must be in the position p not 

the reBectof. qotr» 

Secondly, we can tell how far apart the layers 
are if the wavelength of the X-rays is known; on the principle 
that if all the layers are to reflect a beam so that all the crests of tlie 
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Fig. 556. — Showing thst e aystal, consisting of Ityerf 
of ttoms^ will reflect X-rsys at certain angles^ but 
not at othert. 
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Fig. }57. — Dlagiun of X-ny tpecttometet for study 
of iraection of X-tays from cmtals. (Cburtesv of 
Messrs. Geo. Bell & Sons, Ltd., snd Professor 
Bragg, from Tbi Cfystalliru SMt.) 


refleaed rays reinforce each other, these layers must be an exact 
whole number of wavelengths apart, measured along the track 
of the beam. Fig. 336 shows that only for certain values of the 
angle (A) at which the X-rays strike the crystal will a powerful 
reflection take place: it is not difficult to see that, knowing the 
wavelength and the angles at which the powerful reflections 
appear, thedistances between the layers of atoms can be worked out. 

Fig. 337 shows a simple type of X-ray spectrometer. The 
X-ray tube supplies the rays and these fall on a crystal Q. The 
rays reflected from this are of a single wavelength only. C, is the 
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crystal under study, mounted on a revolving table with a pointer 
to show the angle it makes with the beam. D is a slit and E an 
^‘ionisation chamber*’ which conducts electricity if X-rays pass 
into it. If we move the crystal and chamber till a powerful 
reflection goes into the chamber, it is easy to measure the angle 
at which the reflection comes. 



Now we find as we move the crystal, quite a number of layers 
of atoms which can reflect the X-rays, and by figuring out where 
the layers would come for a particular arrangement of atoms, we 
can work out which of the many, but not unlimited arrangements 
is found in the crystal being examined. Fig. 538 gives a notion of 
some of the layers of atoms in a rocksalt crystal. Is is easy to see 
that when we know from the angles of the X-ray reflections where 
the layers lie and how &r they are apart, we can easily settle 
where the aaual atoms must be in order to form such layers. 

There are other methods of using X-rays to discover crystal 
structure. We saw on p. 471 why a fine-ruled ‘‘grating^" brads 
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light at certain fixed angles which depend on the wavelength and 
the fineness of the grating. Now a crystal, with its tegular lines 
of atoms, acts like a complicated grating ruled in several directions 
at once. 

Accordingly, since the “rulings” (the distances between the 
lines of atoms) ate about as small as the wavelength of X-rays, a 
crystal splits a beam of X-ra3rs into several beams which when 
allowed to fall on a photographic plate, give a pattern of spots. 
The mathematician, from the pattern, can deduce the kind of 
grating which would give it. Plate XXVI shows a “Laue” photo- 
graph of a hexagonal (six-sided) crystal. The spots can be seen to 
have a sort of six-fold symmetry. The reflection method perfected 
by the Braggs is generally preferred because the pattern of atoms 
in the crystal cannot by any means always be calculated from the 
pattern of spots. 

X-ray analysis is becoming very important because it is the 
only certain way of finding out how the atoms and molecules of a 
solid are arranged. 


RADIOACnvm 

Shorter still than the X-rays are the gamma-rays emitted by 
radium and the other radioactive elements. More will be said 
about these remarkable substances in Chapter XIX; for the 
present, a brief sketch of their very odd behaviour will be 
enough. There are some 40 radioactive elements: many of these 
are however identical in all respects except their radio-active 
behaviour and the weight of their atoms. Thorium, which is 
contained in gas-mantles, is radioacdve, but so feebly that it was 
known for 70 years before anything odd was noticed. Radium is 
the best example. It is very rare — rich ores do not contain mote 
than some 50 milligrammes per ton — it is difficult to extract and it 
is in great demand for treatment of cancer. Consequently, its 
price 1$ very high indeed— ,£10 pet milligramme (nearly 
£i, 000,000 an ounce) is asked. Radium is a metal, but it is used in 
the form of its compound with chlorine or bromine. This radium 
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bromide is what is sold as “radium/' When pure, it looks very 
much like ordinary salt, but several very odd things are noticeable 
about it. It shines in the dark; it is always a little warmer than any- 
thing round it. It rapidly fogs a photographic plate even though 
the plate is wrapped in lead sheet thick enough to keep out X-rays 
— let alone light. Fluorescent substances shine brilliantly when 
brought near it. It ionises the air near it and makes it conduct 
electricity slightly. It turns glass dark-coloured and alters many 
chemicals merely by contact with them. It bums the skin very 
severely if left close to it for long. 

Most of these phenomena could be explained if radium were 
giving out a very potent kind of X-rays all the time, and this is 
actually true — though it is by no means the whole fascinating 
story, which was worked out in the early years of the century by 
the Curies, Rutherford, Soddy and many others. 

Every atom has a minute heavy positively charged nucleus with 
a cloud of electrons round it. Radium is no exception to this rule, 
but its atoms have unstable nuclei. The nucleus of the radium 
atom is a heavy and complicated affair with some 226 protons, 
and neutrons packed into an extremely minute space. We 
know practically nothing about the interior of the nucleus; 
we do not know if the particles are still or moving, and we can 
only make guesses as to how they are arrai^ed. But sooner or 
later, the life of every radium atom ends by its nucleus exploding. 
If you could point to a particular radium atom and say ‘^When 
will it explode”? we could not say, any more than I could point to 
a particular baby in a creche and say when it will die. But, just as 
I could say with confidence that, barring changes in the national 
health, half those babies will be dead in 57 years time, so I could 
point to a gram of radium and say, “Half those atoms will have 
exploded in 1600 years time.” A radium atom, on the average 
lasts 1600 years. No one knows why its nucleus may last 1600 
years and then suddenly explode. One could picture the protons, 
etc., in the nucleus jostling about until they got to a position with 
so much kinetic energy that the nucleus flew to bits like a bursting 
flywheel. But we have no idea about the nature of the movements, 
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if any, that go on in the nucleus; but it is certainly odd that, for 
example, a uranium nucleus may last 8, ocx), 000,000 years, and then 
suddenly disintegrate. 

Anyway, the thing that happens to radium is that the nucleus 
of each atom explodes after a sufficient time and that in 1600 
years half the nuclei in existence now will have burst. 

A gram of radium chloride, say, a saltspoonful, contains about 
24 X 10^ radium atoms and so 12 x 10®® will burst in 1600 
years. Fifteen hundred years is 5 X 10^® seconds, so that 
12 X 10*® ^ 5 X 10^® that is 24,000,000,000 radium nuclei 
burst every second in that dwindling gram of radium. This is the 
average speed; at the beginning when nearly all the radium is still 
there some 52,000,000,000 nuclei burst every second. 

Whathappenswhentheradium 

nucleus bursts.^ The radium atom / ^ 

shoots out the nucleus of a 
helium atom (which we call an | ) 2 ) 

alpha-particle) at the enormous \ J 

speed of 10,000 miles a second, ; X/ 

and at the same time emits a 

great deal of energy in the form ^ 
of a quantum of very short ^ 

electromagnetic rays. These we / • • 

call gamma-rays. — (fiSKSgy 1 ^ 

The remainder of the radium **" V J 

nucleus gathers all its electrons 
but two about it and makes an 
atom of radon, an entirely new 
element — actually a gas. 

This, in turn, changes to _ W7u u u 

. , 11^ Fig* 539.— What happens when 

another element, and by a series tadium atom bursts. 

of 9 changes the element radium 

finally becomes the homely and permanent substance — lead. 

This habit of bursting explains the odd behaviour of radium. 
It is always warm because the recoil of the atoms of radon it 
produces jostles the unexploded atoms into quicker motion. 
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The rays it gives out are of two kinds— the so-called alpha-rays 
which are a stream of high-speed helium-nuclei and not rays at 
all, and the gamma-rays which are true radiation. It shines in the 
dark because it fluoresces under the action of its own radiation. 
Both alpha-rays and y-rays affect a photographic plate. 

Most radioactive elements — including radium — give out beta- 
rays, which are a stream of electrons travelling at enormous 
speeds — up to 99.8% of the speed of light. These behave much 
like the cathode-rays mentioned on pp. 293-294. The source of 
these electrons is not certain. They are in some cases knocked out 
of the atom by the alpha-particle: in other cases they seem to come 
from the nucleus itself. 

The chief uses of radium are, first, in medical work and secondly 
in luminous watches. For medical work, the y-radiation is 
useful, for it has a remarkable effect in killing cancer cells. If 
radium can be got near enough to most kinds of cancer cells, it 
will kill them and will not kill the surrounding cells of the body. 

There are three main difficulties: Firstly, there is not much 
radium in the world, and so powerful beams of y-rays cannot be 
obtained. Secondly, cancer cells often migrate to ffistant parts 
of the body and set up fresh sources of trouble. Thirdly, there is 
no way of applying radium to a deep-seated growth. The usual 
method of procedure is to seal up the radium in needles and stick 
these into the growth or to seal up the radio-active gas radon in 
tiny glass “seeds’’ and insert these. The use of radioactive 
isotopes (p. 5 5 ic) will go far to solve this problem. 

The use of radium in luminous paint brings us to the question 
of phosphorescence. In the scientific sense a phosphorescent 
thing is one which after being exposed to light, shines in the dark. 
The best known is the luminous paint made from calcitim 
sulphide intimately mixed with about 2% of salt and a trace of 
some metal like copper or manganese. This, after being exposed 
to a bright light shines with a soft violet radiance which dies out 
in the course of some hours. Evidently, it can store light and 
dole it out again; but how it does it, no one knows. Luminous 
watches are painted with phosphorescent zinc sulphide containing 
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a trace of radium. The radiiun rays make the zinc sulphide 
fluoresce and the -watch shines whe^er it has been exposed to 
light or no. 

Fire-flies, glow-worms, many fish, decaying wood, etc., shine 
with a cold light, but this is not phosphorescence in the scientific 
sense but “chemi-luminescence,” light emitted as the result of 
some chemical reaction. An odd phenomenon is tribolumin- 
escence, the production of light when certain crystals ate rubbed. 
Rub two lumps of sugar together in a very dark room and you 
will see it. 

Neither X-rays nor y-radiation can be reflected and refracted 
in the same way as light: accordingly, they cannot be used in 
optical instruments like microscopes and telescopes. That they 
are electromagnetic waves like light however, is clear from their 
resemblance to it in almost every other particular. 

The reason they are not refleaed at smooth surfaces as light is, 
is first that every sur&ce is made of atoms, and therefore even 
the smoothest polished metal has irregularities much larger than 
a wavelength of X-rays. It has recently, however, been found 
that X-rays can be reflected in the same way as light by a metal 
surfece at a grazing angle to the beam. Secondly, the X-rays and 
y-rays penetrate deeply into all kinds of matter and are absorbed 
within it. They cannot be refracted by a lens because the atoms 
of the glass diflfact the rays as a grating diffracts light. 

There is no very certain means of measuring the -wavelength 
of the shortest y-rays. A feir idea can be gained from the thick- 
ness of matter, say lead, which they will traverse before they lose 
half their strength. Short wave X-rays are more penetrating 
than long--wave X-rays, and y-rays are much more penetrating 
than short X-rays: they are, therefore, much shorter still and we 
belie-ve them to have wavelengths from o.i to 0.005 A.U. 
A few years ago it was found that extraordinarily penetrating 
ra3rs were travelling to the earth from the upper air. They 
manifest themselves by ionising gases — knocking off their 
electrons, but this property -was the only reason to believe them 
to be electromagnetic waves. Their very great penetrating 
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power made it appear that their wavelength was as little as 
0.00008 A.U. However, the present belief is that these cosmic rays 
from outer space consist of very high-speed particles which, when 
they come into contact with the air, give another kind of particle, 
called mesons (p. 5 z8). Thus they are not electromagnetic waves. 

We have now been up and down the scale of electromagnetic 
radiation. Radio-frequencies, the shorter Hertzian vraves, 
residual rays, infra-red radiation, light, ultraviolet radiation. 
X-rays, and gamma rays. 

What have all these in common? They all travel with the same 
speed as light — as far as has been tested. They all move in 
straight lines except when reflected or refracted; they can all 
curl round something smaller than their wavelength. They 
require no material medium (like air) through which to travel. 
They all produce electrical effects, either setting electrons in 
motion as do wireless waves or knocking them out of metals 
like light or out of gas molecules like short-wave radiations. 

WAVE-MECHANICS 

In the last twenty-years it has been shown that certain minute 
objects behave both as a collection of waves and as a particle. 
A quantum of light is clearly made of waves — otherwise it could 
not show interference, diffraction, and so on. But it behaves like 
a particle in being emitted as a unit and in keeping to itself and 
not spreading out like a sound wave. 

An electron is, on the other hand, rccognisably a particle. 
It has appreciable mass. Its velocity varies and is not the same as 
that of hght. It is deflected by an electrostatic field or by a 
magnet. Yet it can produce interference effects and dius behaves 
like a wave or a collection of waves. 

The importance of this lies in the fact that accurate calculations 
about the behaviours of what we usually term particles, e.g., 
electrons and protons, can only be made by treating them as 
waves. Practically the whole of modem atomic physics is depen- 
dent on this mode of calculation. 




PART IV 


CHEMISTRY 


CHAPTER XIX 
Particles, Atoms and Elements 
THE ultimate PARTICLES 

B efore surveying the sdencc of Chemistry — ^the study of 
the way in which atoms are put together into molecules— 
it is well to try to build up a clear idea of what we know about 
the constitution of an atom. 

We have evidence that every atom is built up of far smaller 
particles than itself: thus every atom contains the min ute and very 
light electrons, for these can be obtained from it when it is ionised 
(see p. 277). Secondly, we know that a hydrogen atom divested 
of an electron consists of a single, minute, positively charged 
particle, nearly 2,000 times heavier than an electron: this we have 
called a proton. 

In addition to these, two other kinds of stable particle have 
recently been elicited from matter. When the metal beryllium or 
its compounds is bombarded by the a-particles from radium, or 
when atomic fission takes place (p. 5;ia), particles are emitted 
which have almost the same mass as a proton but which have no 
electric charge at all. These are called Electrons, protons 

and neutrons are stable and, under normal conditions, permanent 
particles. There are in addition to these three types of particle 
which have a transient existence, at least, under terrestrial 
conditions, the meson, the positron and the neutrino. The meson 
has a mass about 200 times that of an electron and may have a 
negative or positive charge. They reach the earth in the form of 
cosmic rays and disintegrate into showers of electrons, positrons 
and gamma rays. Very little is known about them: it is supposed 

5 *» 
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that they may be produced within the nucleus and play some part 
in holding it together. Positrons are particles with mass equal 
to that of an electron and a positive charge. They are produced 
by cosmic rays and also when artificial radio-elements emit their 
radiations and when very short-wave X-rays act on matter. It is 
possible that there exists a fifth type of particle, a “neutrino” 
which has no charge and a mass comparable with that of an 
electron, but experimental evidence for its existence is slender. 

Summarising all this, we can say that the following five ultimate 


particles have 

been experimentally demonstrated: 


Mass^ 

Electrical charge* 

Protons 

1.008 

+ i 

Neutrons 

1.008 

0 

Electrons 

0.00054 

— 1 

Positrons 

0.0005 4(?) 

+ x 

Mesons 

c. O.I 

‘ ±1 

It is certain that the atom 

consists of a cloud of electrons 


surrounding a nucleus which (except in the case of hydrogen) is 
composed of protons and neutrons. Thus the sodium atom 
consists of 


Outer Cloud 

II Electrons Mass negligible Charge— ii 

Nucleus 

1 1 Protons Mass 1 1 Charge -f- n 

iz Neutrons Mass 12 Charge o 

Mass 23 Charge -f- 1 1 

The same arguments apply to all atoms except that of hydrogen 
which consists simply of one electron and one proton. 

But here is trouble. We can get neutrons from the nuclei of 
certain atoms by bombarding them with a-particles, etc.; we can 
get electrons (/S-rays, p. 325) from the nuclei of others. Are 

1 The unit is of the weight of an oxygen atom. 

^ The unit is the chatge on one electron. 
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there, then, protons, neutrons and electrons in the nucleus? Not 
necessarily; it is thought that the nucleus contains only neutrons 
and protons, but that occasionally the transformation 

Neutron Proton Electron 

Mass I Mass i + Mass negligible 

Charge o Charge + 1 Charge i 

may occur, so causing an electron to be expelled from the nucleus, 
the proton remaining behind. 

The positron probably plays no part in the atom. It is very 
short-lived, probably combining with an electron and emitting 
a quantum of very short-wave radiation and possibly also a 
neutrino. 

Photographs of the trails of the electron, positron and proton 
appear in Plate XXVTI. 


ATOMS 

The atom itself we have already discussed fairly fully: our 

main conclusions were that: 

(i) It is very small and light, a million million atoms make too 
small a lump to see. 

(z) It is entirely made of very light negatively charged electrons, 
comparatively heavy neutrons without electrical charge and 
comparatively heavy protons with a positive charge. 

(3) There are as many electrons as protons, so the whole thing 
is electrically neutral. 

(4) The protons and neutrons are all in the nucleus at the centre 
of the atom. The nucleus is tiny even compared with the 
atom; it has a positive charge and almost all the weight of the 
atom is centred in it. 

^5) The electrons arc arranged in “groups^’ outside the nucleus 
(pp. 435-436). When an electron jumps from one group to 
another, it takes in or gives out a quantum of radiation- 
light or X-rays. The electrons may be revolving in orbits 
but there is no certain evidence of this. All we know about 
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their positions in space 
is that as we approach 
the nucleus the prob- 
ability of encountering 
an electron becomes 
greater. 

Chemistry is chiefly con- 
cerned with the way the 
atoms of elements join up 
in twos, threes or dozens to 
form “molecules” of com- 
pounds: the outside electrons 
of the atoms are the things 
that bind the atoms together. 

“Molecule,” it will be re- 
membered, is the term 
applied to a collection of 
two or more atoms firmly 
bound together by electrical 
forces. 

We realise then that 
physicists have good reason 
to believe that all the matter 
in the universe is made up 
of atoms, and that these 
atoms are composed only of 
three things, electrons, pro- 
tons and neutrons. About 
theseparticles, little is known 
beyond their weights, their 
sizes, their electric charges, 
and the peculiar manner 
in which they seem to be both particles and waves. 

The view of matter as made of electrons, protons and neutrons 
is lather remote from everyday affairs, because matter contains 
these very firmly bound together into atoms which are themselves 


Ftg. 540.-— Diagram of a copper atom. 

A. Tiny nucleus with 29 protons and 34 
neutrons. ^ weights 4,000 times as 
much as the test of the atom put together 
and has a large positive char^. 

B. C.D.E.F. Complete groups of electrons 
(18 in all) which can only be detached by 
very vigorous treatment — in electric arc. 
X-ray tube, etc. 

G. A group of ten electrons from which 
one can quite easily be detached. This is 
one of the two electrons whicn copper 
can lose when it forms a compound with 
another clement. 

H. Incomplete group of i electron. This is 
easily detached by strong heat, chemical 
reactioos, etc. This electron is very 
loosely attached: it can come off and 
travel from atom to atom. This is why 
copper conducts electricity well. 

I. J. etc. Possible positions to which electrons 
can jump when the atom is heated 
strongly. 

The atom is not, of«course, flat like this 
picture. The electrons are grouped in 
shells like the coats of an onion. ' 
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usually united into molecules. If you want to find out about the 
difference between say, “lime’’ and “chalk,” it is not helpful to 
know that both these materials are made of protons, neutrons and 
electrons. But, if you know that lime is entirely made of mole- 
cules, each of which contains one calcium atom and one oxygen 
atom; and that chalk is made of molecules each of which contains 
one calcium atom, one carbon atom and three oxygen atoms, 
it is possible to tell first what substances can be obtained from 
chalk and lime respectively, and secondly what must be done in 
order to turn lime into chalk and vice-versa. 

Chemistry concerns itself, first, with finding out the pro- 
portional number and kind of atoms in all the different materials 
of which the world is made, secondly, with finding out how to 
turn one kind of molecule into another kind. The chemist’s 
task is made simpler by the fact that all the things in the world 
yield only ninety different patterns of atom. Everything that the 
chemist has tested can be broken up into atoms and only ninety 
different patterns have been found. Now, a material with only 
one of atom in it is called a Chemical Element, and since it is 
almost impossible^ to turn one kind of atom into another kind, it 
is impossible to get anything out of a chemical element but itself. 
Take an example. Copper is an clement. It is simply a mass of 
closely packed copper atoms. Take a pound of copper, heat it to 
a white heat, pass huge electric currents through it, do anything 
you like to it (except bombard it with high-speed particles), you 
can’t get anything out of it but one pound of copper. Suppose 
you make it red hot in ordinary air; it changes to a sort of black 
“scale” or rust. Even this has got nothing new out of copper: all 
that has happened is that the oxygen in the air has combined with 
it and made copper oxide. If you heat this “scale” in hydrogen, 
you get all the copper back again. Fig. 341 shows what happens 
to the copper when heated in the air. 

Actually not only the top layer of atoms but a million or so of 
the under-layers combine with the oxygen: a penny is at least ten 
million atoms thick. 

^Botieepp. 544 , 551 . 
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Fig. 341. — ^What happens to copper when heated in air. 

Copper atoms (marked Cu) and Layer of copper oxide molecules on 

oxygen molecules (shaded). the surfcce of the copper. 


Water, on the other hand, is not a chemical element because 
you can get something else than water out of it. If you pass an 
electric current through water, 
it gives the gases hydrogen 
and oxygen. 

Well, then, the chemist 
finds he can extract from the 
things in the world^ only 
ninety different materials 
which cannot be broken up 
into anything simpler. Some 
of these are common; some rare: and just to clear our ideas up 
as to what sort of things these fundamental elements are, a list of 
them is given below. 


<? 


Fig. 342. — Water molecules (left) can be 
changed to hydrogen and oxym mole- 
cules (right). Small sphere **hydrog 
atom, large sphere** oxygen atom. 


ogen 


ELEMENTS 

Every material object in the world, yourself included, can be 
broken up into some few of the elements in th^list which follows 
and could in theory at least, be made from them. These 96 
elements are not entirely unlike each other: they fall into groups of 
five or six elements which resemble each other, often very closely. 

1 Since nuclear fission has been discovered, three or four patterns of atom that 
were not in the world before have been artificiallv made, but only ninety eaist in 
nature before man takes a hand. 
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HYDROGEN 


Group o. 

HELIUM 

NEON 

ARGON 

KRYPTON 

XENON 


Group I A. 

LITHIUM 

SODIUM 

POTASSIUM 

RUBIDIUM 

CAESIUM 

FRANQUM 


Group II A. 

BERYLLIUM 

MAGNESIUM 

CALCIUM 

STRONTIUM 

BARIUM 

RADIUM 
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This element does not :&11 into any 
group. The very light mflammable gas 
used to fill balloons and airships. Half of 
ordinary coal gas is hydrogen. Every 
animal or plant must contain hydrogen 
compounds. Wateris one-ninth hydrogen. 

These five elements are all gases and they 
are remarkable because they arc the only 
elements whose atoms will join up neither 
with themselves nor with any other kind 
of atom. Helium is a very light gas and 
won’t bum, so is useful for air-ships. 
Neon, krypton and xenon ate used in 
lamps (p. 447). Argon is used to fill 
electric bulbs. 

These elements are metals but are very 
soft and easily melted. Their atoms show 
a most violent tendency to join up with 
any atom except the atoms of another 
metal. The result is, they burn in air — 
combine with oxygen. They will even 
turn the hydrogen out of water and take 
the oxygen. 

The elements themselves ate not of 
much use, but the compounds of sodium 
and of potassium with other elements are 
very important indeed, including salt, 
soda, saltpetre, etc. 

Another set of metals which are not 
important except when joined up to other 
elements. They all bum very easily: 
Most people have seen the brilliant white 
fiame of magnesium. Calcium com- 
pounds are very co mm on. Lime, chalk, 
marble, plaster of paris are examples. 



Group III A. 

BORON 

ALUMINIUM 

GALLIUM 

INDIUM 

THALLIUM 

Group IV B 
CARBON 


SILICON 


GERMANIUM 

TIN 

LEAD 

Group VB 
NITROGEN 


PHOSPHORUS 
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Borax and boracic powder contain boron. 
Aluminium everyone knows. Gallium 
and indium arc both rarities — no one 
has found any use for them. Thallium 
was recently used in medicine but is very 
poisonous and unreliable. 

This element is familiar as diamonds, as 
graphite (pencil-lead), as charcoal, soot, 
coke, etc. It is, with hydrogen, oxygen 
and nitrogen, the element absolutely 
essential for life. Its atoms link with 
themselves and other atoms to form a 
prodigious number of compounds, the 
study of which is called Organic 
Chemistry. It is not a metal. 

Pure silicon is something of a rarity but 
compounds of silicon form a great part of 
almost all rocks. It is the second com- 
monest element. 

A rarity. 

Everyone knows this metal, which is the 
surfacing coating of ‘‘tin cans.’" 

Needs no introduction. 


This is a gas which makes up four-fifths 
of the air. Its compounds such as am- 
monia and nitric acid ate extremely 
important. Every living thing contains 
combined nitrogen. The gas itself is not 
of use except for making these com- 
pounds. 

A peculiar element which exists in two 
forms, red and white — both of which are 
all phosphorus. The reddish brown stuff 
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ARSENIC 

ANTIMONY 

BISMUTH 

Group VI B 
OXYGEN 

SULPHUR 

SELENIUM 
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on the outside of a match-box is partly red 
phosphorus. All living things contain a 
proportion of phosphorus. Some of its 
compoimds are important artificial 
manures. 

This is a greyish metallic looking stuff. 
The arsenic with which people poison 
their relations is a white powder — a 
compound of this and oxygen. The 
chemist calls it arsenious oxide. 

A grey, rather brittle metal. It is used for 
ornamental objects and, mixed with 
copper and tin, for typemetal. 

A pinky-white metal of not much im- 
portance. Some of its compounds are 
used as medicine. 

Oxygen makes up one-fifth of the air. 
Without free oxygen no animal or plant — 
except a few bacteria — could live and no 
fire could burn. Its atoms combine with 
others very easily. Eight-ninths of water 
is oxygen, as is more than half of most 
rocks. It is the commonest element in 
the world. 

Everyone has seen sulphur as yellow 
sticks or powder. It can be made into 
beautiful amber-coloured crystals, and 
also into a soft transparent elastic mass 
like rubber. Its compounds are important 
— sulphuric acid, plaster of paris, iron 
pyrites — to name but a few. All living 
things contain a little sulphur. 

This looks rather like black sealing-wax. 
Its interest is its sensitiveness to light: 
in a bright light it conducts electricity;^ 
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TELLURIUM 

POLONIUM 


Group VJI B. 
FLUORINE 


CHLORINE 


BROMINE 

IODINE 


Group III A 
SCANDIUM 
YTTRIUM 
LANTHANUM 
Fourteen ‘rare-earth’ 
elements not im- 
portant enough to 
be named here. 
ACTINIUM 


in the dark it does not: it can therefore be 
used like a photoelectric cell (p. 485). 

This is a rarity. 

A radioactive element: no one has yet got 
enough of it to see, though its rays can be 
detected and measured. 

A yellow gas: its atoms combine with 
others so easily that it corrodes or ignites 
almost everything it touches. 

A yellowish green gas with a very strong 
smell. It is very destructive to the lungs. 
It is used for bleaching and various odd 
jobs in the chemical trade. Ordinary salt 
is more than half chlorine. 

A dark-red liquid which gives a brown 
vapour with a powerful smell. It is only 
used in the chemical industries. 

A black shiny solid which when warmed 
gives a beautiful violet vapour with a 
most irritating smell. Dissolved in 
alcohol, it is a good disixifectant. 


All rather rare and unimportant metals. 
The so-called ‘flint’ in a petrol-lighter is 
made of an alloy of rare-earth metals. 
Actinium is radioactive. 


Group IV A 

TITANIUM 

ZIRCONIUM 

HAFNIUM 

THORIUM 


Not very uncommon but not very 
important elements. 

The oxide of Thorium is used to make 
gas-mantles. Thorium is one of the 
elements that can be used to make 
fissionable material (p. 546). 
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Group V A. 

VANADIUM 

NIOBIUM 

TANTALUM 

PROTOACTINIUM 


Group VI A, 
CHROMIUM 


MOLYBDENUM 


TUNGSTEN 


URANIUM 


NEPTUNIUM 

PLUTONIUM 


Group VII A. 
MANGANESE 


TECHNETIUM 


RHENIUM 


Rather rare metals. Tantalum is ex- 
ceedingly hard and if it was less rare, 
might be useful for tools. Vanadium is 
used for alloying with steel. 


Till recently, the metal was a rarity, but 
now is femiliar. Everyone knows its blue- 
white lustre. It does not tarnish and 
is so hard that it is not easily scratched. 
Some ofits compounds are useful pigments. 
Rather rare. It is difficult to fuse. The bit 
of wire which supports the filament in an 
electric light bulb is often made of 
molybdenum. 

Very hard, very strong and melts only at 
the terrific temperature of 5560® C. It is 
used chiefly in filament lamps (p. 441) and 
X-ray tube targets. 

This has sprung from obscurity to the 
first importance since the discovery of 
nuclear fission. 

Neptunium is made in the atomic pile and 
changes into plutonium, the material of 
the atomic bomb. 


The metal is uncommon, but steel always 
contains a little. Potassium perman- 
ganate contains manganese. 

An element made artifically by the 
cyclotron, or from the products when 
uranium atoms are split. No one has yet 
got enough to seel 

This is a novelty; rather like tungsten, 
but very rare. 
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Group VIIL 
IRON 


COBALT 

NICKEL 


RUTHENIUM 

RHODIUM 

PALLADIUM 

OSMIUM 

IRIDIUM 

PLATINUM 


Group I B, 
COPPER 


SILVER 

GOLD 


Group II B. 
ZINC 


CADMIUM 

MERCURY 


Needs no introduction. Its compounds 
are very common. The higher animals 
cannot exist without it. 

Is a metal — not much used. Blue glass 
and china are coloured by cobalt. 

Is well known as nickel plating. A 
hardish white metal which does not 
tarnish much. 

All hard grey-white heavy metals. Palla- 
dium is sometimes used for jewellery. 
Platinum and iridium are useful because 
they — with gold — ate the only metals 
which are not tarnished even at a red heat, 
and are not affected by most chemicals. 
They are both rare and very expensive. 

Is well enough known. It is valued 
because it is tough and an excellent 
conductor of electricity. 

Is valued for its beautiful colour and its 
tradition of worth. 

Was the first metal known. It was valued 
for its beauty and the fact that it is un- 
tarnished and imperishable. This artificial 
worth makes it too expensive for most 
useful purposes. 


Is well known as zinc sheeting and per- 
forated zinc. Galvanised iron is qoated 
with zinc. 

Is a rather uncommon metal but is 
occasionally used for plating iron. 

Is the only metal liquid at ordinary 
temperatures. It is chiefly used in 
scientific apparatus. 
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To this list one or two ‘‘radio-elements’’ which have a transitory 
existence must be added. 

Each of these elements is made of only one kind of atom and 
one of the greatest triumphs of the Bohr (and succeeding) 
theories of the atom is, that they explain in a beautifully simple 
way how the elements are related to each other. 

THE DIFFERENT PATTERNS OF ATOM 

From arguments concerned with spectra, etc, (pp. 433 ff)^ 
we come to the conclusion that a typical atom is like this 



Now, a neutron has no electric charge and a whole atom has no 
total charge: so it must contain just as many positive protons as 
negative electrons. So, a typical atom is 



Now, each of the ninety-two elements has a different number of 
outer electrons. The lowest number is possessed by hydrogen 
which has just om electron, revolving round a nucleus consisting 
of one proton and no neutron. The highest number (among the 
natural elements, as opposed to the artificial) is possessed by 
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uraxiium which has in its nucleus ninety-two protons and 146 
neutrons, and ninetj-two electrons outside. Accordingly, we can 
make a list of the atoms in order of the number of electrons they 
have. This number is called the Atomic Number. The electrons 
in an atom, we have seen, are ranged in groups (pp. 435, 531), 
and the number of electrons in each group is limited. If, then, 
we make a list of the elements in order of their atomic number 
(number of electrons in their atom) and start a new line from each 
element which has all its groups filled with electrons and none 
partly filled, we get the chemist’s Periodic Table which appears 
overleaf. This rather odd-looking list has several remarkable 
things about it. First, each vertical column contains five or six 
elements which are very much alike because they all have the 
same kind of pattern of electrons in their outer layers, which are 
the only part of the atom that comes in contact with the outer 
world. TTius, column O contains the inert gases which can only 
be distinguished from each other by th^ spectra and their 
density. None of them has any power of chemical combination 
because their outer layer of electrons is complete and so strongly 
bound to their own atom that they will not form a link with any 
other. Again the elements of Column 11 are all very much alike, 
because each of them has two electrons in the outer layer and 
these can be used to link their atoms to two other atoms. 

Thus it will be seen that the number of the column which 
contains a particular element, is related to the number^ of other 
atoms with which one atom of that element will combine. 

Each place in this table corresponds to a definite atomic 
number, to a definite number of electrons in the outer part 
of the atom of the element which occupies it. 

Thus the first element, hydrogen, has one electron in its outer 
layer, the second, helium, has two; and so on up to the ninety- 
sixth, curium, wlxich has ninety-six. Each electron has a single 
negative charge, so the number of electrons gives the number of 
negative charges in the atom. The positive part of the atom is 
the proton, so the number of positive protons must be definite too 
^ There ate a few exertions to this rule ia groups VII and vni. 



Tie World of Science 


Hia 


Periodic Tabus 

Atomic Numbers thus, 7. 



I. 

n. 

ra. 

IV. 

V. 

Orottp 

A. B. 

A. B. 

A. B. 

A. B. 

A. B. 

Period 1 

Hydrogen, H. 

1 . vm. 





.. 2 

Lithium, Li. 

3. d-W, 

Beryl- 
lium Be. 

4. 9-0. 

Boron, B. 

5. 70-8. 

Carbon, C. 

6. 72-00. 

Nitrogen, N. 
7. 74-07. 

.. 3 

Sodium, 

Na. 

11. 23'OQ. 

Mi^esium, 

12. 24-32. 

Aluminium, | 
Al. 1 

13. 26-97. 

Silicon, Si. 
14. 28-06. 

Phosphorus, 

P. 

15. 37-02. 

.. 4 

Potassium, 

K. 

19. 39-70. 
Copper, Cu. 
29. dJ-57. 

Calcium, 

Ca. 

20. 40-08. 1 

22nc. 21n. 
30. 65-38. 

Scandium, 

Sc. 

21. 45-7. 
Gallium, Ga. 
31. 69-72. 

Titanium, 

Ti. 

22. 47-9. 
Germanium, 
Ge. 

32. 72-6. 

Vanadium, 

V. 

23. 50*95. 

Arsenic, As. 
33. 74-93. 

5 

Rubidium 

Rb. 

37. B3-44, 

Silver, Ag. 
47. 707-M. 

Strontium, 

Sr. 

38. 87-63. 

Cadmium, 

Cd. 

48. 772-47. 

Yttrium, Yt. 

39. 88-92. 

Indium, In. 
49. 774-8. 

Zirconium, 

Zr. 

40. 97-2. 

Tin, Sn. 
50. 7/8-7. 

Niobium, 

Nb. 

41. 93-3. 

Antimony, 

Sb. 

51. 727*76. 

.. 6 

Caesium, Cs. 

55, 732-97. 

Barium, Ba. 

56. 737-36. 

Lanthanum, 

La. 

57. 738*9. 
Cerium, Ce. 

58. 740-73. 
Praseodymium, 

59. 740-92. 
Neodymium, 

Nd. 

60. 744-27. 

Nor named 

61. 747. 
Samarium, Sm. 

62. 750-43. 
Europium, Eu. 

63. 152-0. 
Gadolinium, 

Gd. 

64. 757-3. 
Terbium, Tb. 

65. 759-2. 
D:gprosium, 

66. 762*46. 
Holmium, Ho. 

67. 763-5. 
Erbium, Er. 

68. 767*64. 
Thulium, Tm. 

69. 769-4. 
Ytterbium, Yb. 

70. 773-04. 
Lutecium, Lu. 

71. 775-0 
Hiallium, Tl. 

81. 204*39. 




1 

Gold, Au. 

79. 797-2. 

Mercury, Hg. 

80. 200-67. 

Hafnium. Hf. 

72. 178-6. 
Lead- Pb. 

82. 207-22. 

Tantalum, Ta. 

1 73. 787-4. 

Bismuth. Bi 
83. 209-0. 

, 7 

Francium, 

87. 223. 

Radium, Ra. 

88. 225*97. 

Actinium, Ac. 

89, 

Thorium, Th. 

90. 232-72. 

Protoactl- 
1 nittin,Pa. 

91. 
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OF THE Elements 

Atomic Weights thus, 


VI. 

A. B. 

VII. 

A. B. 

VIII. 

0 


rHydrogen, H.i 

L 1. 1-008. J 


Helium, He. 

2. 4-00. 

Oxygen, O. 

8. 16-00. 

Fluorine, F. 

9. 19-0. 


Neon, Ne. 

10. 20-2. 

Sufphur, S. 
16. 32-06. 

Chlorine, Ct. 
17. 35-46. 


Argon, A. 

18. 39-94 

Chromium, 

Cr. 

24. 52-0. 
Selenium, Se. 
34. 79-92. 

Manganese, 

Mn. 

25. 54-93. 
Bromine, Br. 
35. 79-92. 

Iron, Fe. Cobalt, Co. Nickel, Ni, 

26. 55-84. 27. 58-94. 28. 58-69. 

Krypton, Kr. 

36. 82-9. 

Molybdenum, 

Mo. 

42. 96-0. 

Tellurium, Te. 

52. 127-6. 

Technetium, 

Tc. 

43. 96-99. 

Iodine, I. 

53. 126-92. 

Ruthenium, Rhodium, Palladium, 

Ru. Rn. Pd. 

44. 101-7. 45. m-9. 46. 106-7. 

Xenon, Xc. 

54. 131-Z. 

Tungsten. W. 

74. 184-0. 
Polonium. Po. 

84. 

Rhenium, Re. 

75. 186-31. 
Astatne, At. 

85. 211-218. 

1 m. 

Osmium, Os. Iridium, Ir. Platinum, Pt, 
76. 191-5. 77. 193-1. 78. 195-23. 

Emanation, Em. 
86. 222-0. 

Uranium, U. Neptunium, Np. Plutonium. Pu. Ameiicium. 

92. 238-14. V3. 239. 94. 239-14. 95. 241. 96. 242. 

These all form a part of group VIA. 
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— for the whole atom is neutral — but the number of neutrons 
may vary. We call an atom with 82 outer electrons an atom of 
the metal lead. An atom of lead, then, always has 82 electrons 
and 82 protons; but there are no less than eight isotopes of lead, 
different kinds of lead the atoms of which have the same number 
of electrons and protons but different numbers of neutrons. 
The diagram shows 



the two most abundant kinds of lead atom. The first weighs 
208 times as much as a hydrogen atom: the second 206 times as 
much. The outer electrons are identical in arrangement and 
number. Almost all elements have several types of atom differing 
only in the number of neutrons. These are called isotopes and 
since the behaviour of a material depends almost entirely on its 
outer electrons, they differ only in the weights of their atom, 
their densities, their radioactive properties if any. 

These differences are so small that the chemist does not bother 
about them. For his purposes, these differences occasioned by 
one or two extra neutrons do not exist, and it is the number of 
electrons that matters. 

When discussing speara (p. 43 5) it appeared that the electrons 
were arranged in groups which were limited in the number of 
electrons they could contain. This number is usually 8. In an 
atom most of the electrons are in groups which already contain as 
many as they are able to hold. The electrons in these complete 
groups are generally firmly held. But in most elements, there are 
a few electrons which arc not in a completed group, and it is by 
reassorting these that atoms bind themselves together. 

Now the chemist is chiefly concerned with making new sub- 
stances by binding atoms into new molecules and these few outer 




Yeast growing by budding-off 
new cells. (By courtesy of Pro- 
fessor R. H. Hopkins, The School 
of Brewing and Biochemistry, 
Birmingham.) 



Cloud chamber photograph showing tracks of electrons (curve 
t/) left) and of positrons. (Bf>th by courtesy of Professor P. M. S. 
Blackett and [above] Messrs. George Bell & Sons, Ltd. [helow]^ 
I’hc Royal Society.) 


Transmutation of nitrogen into “heavy 
oxygen.’* 




PLATE XXVIII 



A transmutation produced by a neutron. (By courtesy of the Director, the Science Museum.) 
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electrons which do the actual binding are therefore particularly 
important to him. As an example of the arrangement of electrons, 
we may look at the figure of the copper atom (p. 551). We can 
see that there is one electron (group H) which is conspicuously 
a member of an incomplete group, and is very easily detached. 
Every atom — except an atom of one of the Group of inert 
gases — has from i to 7 electrons which can be easily detached. 
The number at the head of each group in the Periodic Table 
(p. 541) is the number of these loose electrons. So the list tells 
us in a compact way how many loose electrons belong to each 
kind of atom. Now it is by these loose electrons that atoms join 
themselves up into molecules. How is this done? Well, first of all 
one atom may present its loose electron to another. If we heat 
some sodium in chlorine gas it burns vigorously. A sodium atom 
has one loose electron, a chlorine atom has seven. Sodium gives 

One One One One 

Sodium Qilorine Sexiium Chloride 

atom •f atom ion -f ion 

one outer seven outer no outer eight outer 

electron electrons electron electrons 

(one + charge) (one - charge) 

When packed into a crystal form common 
salt 

up its loose electrons to the chlorine atom which now has eight, 
and as we have seen a group of eight electrons is usually a com- 
plete one, very symmetrical and not easily broken up. But the 
sodium atom has given away a negative electron, so it has a 
positive charge: the chlorine has taken up an extra negative 
clearon, so it has a negative charge. Consequently, the sodium 
^‘ion’’ and the chlorine “ion’^ attract each other strongly and 
pack themselves into a crystal of salt, with a structure as shown in 
Fig. 16. 

There is another important way of linking by loose electrons: 
namely by sharing them. If an atom, say a carbon atom, has four 
loose electrons and another, say an oxygen atom, has six loose 
electrons; the carbon atom can give each of two oxygen atoms a 
sJbare of two of its electrons and receive a share of two of the 
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oxygen atoms electrons in return. The sharing is nearly alvirays 
done so as to give all the atoms concerned a share of eight 
electrons, the fevourite and particularly stable number. If we 
suppose that the shared electrons move round both nuclei 
concerned we could represent this way of combining thus: — 


Oxygen atom Carbon atom Oxygen atom 



Oxygen atom Carbon atom Oxygen atom 

Fig. 544. — ^Diagram of carbon dioxide molecule. By the core It 
meant the nucleus and any completed groups of electron!. 


There is however no evidence concerning the actual orbits, if 
indeed there are orbits: it is enough to know that all molecules are 
held together as a consequence of their atoms having given 
away or shared their outer electrons. 


TRANSMUTATIONS 

If we grasp clearly the idea of the list of elements on pp. 541 we 
are in a position to understand radioactivity (already mentioned 
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on pp. 522), which did perhaps mote than anything else to 
stimulate us to learn about the structure of the atom. 

Let us recall again that the position of an atom in the list — 
its number from the beginning — ^is simply the number of 
electrons outside its nucleus. Each of these electrons has a unit 
negative charge; so, since the whole atom has no charge, the 
nucleus must have as many positive charges as there are electrons. 

Now the nucleus of the atom is probably made of protons 
and neutrons only: each proton has a positive unit charge and 
neutrons have no charge. So, the nuclear charge of an atom is the 
number of protons in it. 

Remember now that the number of the element in the Periodic 
table is simply the number of electrons in ks atom and that this is 
the same as the number of protons. 

Suppose we found out a method by which we could take a 
proton out of the nucleus. The positive charge of the nucleus 
would become one unit less. It would therefore lose a single 
negative electron from its outer rings and become the next 
lower element in the table. Thus, if you could pull a proton 
out of the mercury atom it would become a gold atom! Actually, 
this has not been done, though other transmutations have been 
performed on quite a large scale. 

Now radioactive elements have atoms of which the nuclei, on 
their own and for no reason that we have yet fethomed, shoot 
out either a packet of two protons and two neutrons (an alpha- 
particle), so decreasing the positive charge of the nucleus by two 
units, or turn one of their neutrons into a proton and an electron 
which is shot out as a beta-particle, thus increasing the positive 
charge on the nucleus by one unit. As explained above, when this 
happens, an atom of a new element must be-formed. Thus 
radium (No. 88) is always shooting out these alpha-particles and 
changing into an inert gas called radium emanation (radon) (No. 
86 ). 

No one could pick on a radium atom and say, “You will lose 
your alpha-particle on Friday week,” no more than you can lay 
your hand on the shoulder of an old gentleman in the street and 
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say, *Tou will die on the seventh of January, 1956/' But we 
know with great accuraqr that halt the radium atoms in a gram 
of it will have exploded by the year 5536 and that half the gentle- 
men of sixty-five alive in 1945 will be dead in 1956. 

This half-life period is the best measure of ihe speed at which 
a radio-element vanishes. Some of these elements are half gone 
in a millionth of a second, others in minutes, months, years or 
millions of years. We obviously cannot directly measure the very 
long or the very short periods, but a rule called the Geiger- 
Nuttall relation has been found to apply to the many cases that 
can be tested and is therefore believed to apply to the others. 
It depends on the het that the shorter time an element lasts, the 
harder it shoots out its alpha-particles. If we measure the range 
of these— the distance they get before the air stops them — and 
call this r, then thek half period is proportional to a very 
curious relationship indeed. If one radio-element can shoot its 
a-particles through 3 cm. of ak and another through 6 cm., 
then the first lasts (6-^3)®*** (about sixteen thousand billion) 
times as long as the second. 

These radio-elements are slowly disappearing. They have not 
totally disappeared because they are continually being made from 
two elements, uranium and thorium, with half-life periods of 
about 5,000,000,000 and 1 3,000,000,000 years respectively. There 
is evidence that the earth is only about two or three thousand 
million years old, so that most of the uranium and thorium in 
it must have come from the sun, and we think it likely that they 
were made there. It is very probable that heavier nuclei are built 
up from lighter ones at the huge temperatures and pressures 
which prevail in the interior of the svin. 

At any rate, in the half-pound of uranium oxide, that you used 
to be able to buy from the chemist for los., about two million 
atoms break up every second. You notice nothing; for what are 
two million atoms among the six hundred thousand million 
million million in the half-pound? Moreover, the explosions are 
rather feeble. 

If you put a piece of uranium oxide on a photographic plate 
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in the dark, you would soon see something was happening, 
however, for in a few days it would print its own image by the 
rays it emitted. 

A powerfully radioactive element like radium is a very different 
matter; its remarkable behaviour has already been described in 
Chapter XVIH. 

There is a regular family tree of radioactive elements, each 
one transmuting itself into the next. This process goes on until 
uranium or thorium ends up as lead! 

The tables which follow show how this happens. 

Each element turns into the one below it. On the left of the 
arrow is the time in which half the element above it is trans- 
formed into the one below it. On the right the signs a, y mean 
that alpha-particles, beta-particles or gamma rays are emitted. 
The number on the left of the element is the atomic number, its 
place in the Periodic table (p. 541), that on the right is the weight 
of its atom (the unit being j^^th of the weight of an oxygen atom. 
Different elements may have the same atomic niimber. 

Take for example element 86. We find three different radios 
elements, Actinon, Radon and Thoron, all apparently element 86. 
The atoms of these are isotopes like the lead atoms in Fig. 343, 
that is to say, they have the same pattern of clearons and the 
same charge on the nucleus; but they have different numbers of 
neutrons in the nucleus. These elements are, as a result, precisely 
alike except in their half-life period and to a very minor extent 
in their density. 

Two or more elements, too, may have atoms of the same 
weight, good examples being Radium B and Radium C. In this 
case, however, there is no resemblance at all, for the weight of an 
atom hardly affects its other properties. 

The most important of these radio-elements is radium, the 
separation of which in a pure state has already been described. 
The long period elements are abundant, but only feebly radio- 
active. The very short-period elements, on the other hand, are 
so rare as to be unobtainable in visible quantities, though they 
arc intensely active and produce most energetic rays. Radium 



02 Uianium 1 , 238 9 ® Thorium, 252 

4.36 Xio» years | « i.59 X 10^® years | 

90 Utamum Xi, 234 88 Mesothorium 1 , 228 


o 



83 Radium E, 210 84 Actinium C, 210 81 Actinium C", 

5.0 day's I fi 0.005 sec. I y 4.76 min. 1 

84 Polonium, 210 82 Lead, 205 * 

140 days \ a (y) 

82 Lead, 206 
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All the elements numbeted: 

Apait from period of change and rays 
emitted are exactly like: 

8x 

Thallium 

82 

Lead 

85 

Bismuth 

84 

Polonium 

85 

No natural element known 

86 

Radon 

87 

No natural element known 

88 

Radium 

89 

Actinium 

90 

Thorium 

9 ^ 

Protoactinium 

9 ^ 

Uranium 


is a useful compromise. It is very active and not too rare to be 
separated. Ionium might be useful, but it is an isotope of thorium 
and so exactly like it that it cannot be s^atated from it. Meso- 
thorium I and Protoactinium have also b^ separated in a fairly 
pure state, but radium holds the field. Most of the transitory 
radio-elements have never been seen at all. They are recognised 
by their rays only. 

All three series end up as lead, and the lead atoms produced 
arc of diflFerent atomic weights, according to whether they came 
originally from uranium, thorium or actinium. Consequently, 
we can gauge the age of a rock by seeing how much of its uranium 
has been turned to lead; and actually estimate the age of the earth 
(PP- 741, 74^)- 

Only the heaviest atoms — those with 208 or more protons 
and neutrons in the nucleus — break up in this way, with two 
exceptions, namely, the very common clement potassium and 
the very rare elements samarium and rubidiqpi. The radio- 
activity of these exceptions is exceedingly feeble and it is not yet 
possible to be sure that it is quite the same thing as the radio- 
activity of radium. 

In 1954 it first became possible to cause artificial radioactivity 
in a great number of elements. It we project a stream of neutrons 
at the element, some of the nuclei of its atoms take in one or 
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more of the neutrons. The new nucleus is unstable and within 
a few minutes or hours breaks up again, shooting out alpha- 
particles or electrons together with short-wave gamma rays. 
This process turns them into a new element and is a real trans- 
mutation. The quantity transformed depends on the quantity of 
neutrons available. Before 1943 it was very small, but since the 
discovery of the uranium pile large quantites of neutrons arc 
available and radioactive substances can be made in weighable 
quantities. 

Elements can also be transmuted by shooting alpha-partides 
or protons at them. Occasionally a nucleus is struck and the 
atom of that element is transformed into another. Thus if the 
alpha-particles from a radioelement pass out into an atmosphere of 
nitrogen, occasionally one will hit the nucleus of a nitrogen atom 
and be swallowed up by it, ejecting a proton at the same time. 

The nucleus of a nitrogen atom 


has: 

7 Protons 

7 Neutrons 

The alpha-particle has: 

2 Protons 

2 Neutrons 

The ejected proton re- 

9 Protons 

9 Neutrons 

presents a loss of: 

I Proton 


The final atom has: 

8 Protons 

9 Neutrons 


In other words its atomic number is 8, and its atomic weight 
17, and it is ‘‘heavy oxygen”. We have transmuted nitrogen to 
oxygen. Hundreds of different transmutations have been accom- 
plished by such means. These earlier transmutations were affairs 
of a few dozen atoms only. We could only detect them because 
we can photograph the tracks of the colliding atoms and particles. 
This can be done because an electrically charged particle, when it 
moves rapidly (p. 287) ionises the air, i.e., knocks electrons off 
its atoms. So the track of a proton is marked by a line of wrecked 
atoms. Now if the air is super-saturated with moisture, tiny 
droplets of water will form round each ion and the track of the 
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proton will be marked by a thin line of cloud, which can be 
photographed. 

Plate XXVn is a photograph of the transmutation already 
mentioned! The radiating lines are the tracks of alpha-particles 
from a radio-element. One of these hits a nitrogen atom, ejects a 
proton (fine track) while the atom struck and changed into oxygen 
is driven forwards (coarse track), cannons off another atom and 
comes to a stop. 

Plate XXVII shows the tracks of positrons and electrons in a 
magnetic field. The fact that some are deflected to the left and 
some to right shows that we have both positive and negative 
particles. That the former could not be alpha-particles or protons 
is shown by the degree of curvature of the tracks. They are 
deflected to the same extent as the electrons: we conclude that the 
particles have the same speed and mass and size of charge as 
electrons, differing only in that their charge is positive. 

While the only projectiles that could be used for transmutation 
were the particles ejected by radioactive elements, the quantity of 
material transmuted was unweighably small. But in recent years 
instruments have been made by which electrons and protons 
obtained from ordinary matter can be accelerated to a speed 
comparable with that of the alpha- and beta-particles and projected 
at the matter which we wish to transmute. To accelerate a body 
to a high speed a large force must act on it for as long a period as 
possible, and in these machines the particles are made to traverse 
a very long path under the powerful repulsion of an electrical 
field. In the cyclotron the particle is made to traverse a spiral path 
under the influence of a very powerful magnetic field generated 
by a gigantic electromagnet. Cyclotrons are enormous instru- 
ments conceived on the engineering scale, their great size being 
necessary in order to get the longest possible spiral track for the 
electrons. Several other similar instrument! (synchrotron, 
betatron) have been designed for such purposes. By means of the 
cyclotron it proved possible to prepare weighable amounts of 
artificial radio-elements and some of the material for the early 
atomic bombs was made by its aid. The speed of the particles 
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projected by such instrument is steadily being increased and is 
now reaching the point where the energy of the particles is 
comparable with that which binds the nuclei of atoms. We may 
therefore soon expect new feats of transmutation, the effects of 
which we cannot yet envisage. 

NUCLEAR FISSION 

Perhaps the greatest discovery of science has been nuclear 
fission and the liberation of atomic energy. The principle is quite 
easy to understand, but the difficulties in carrying it into effect 
were so stupendous that only the brains, money and materials of 
three nations, lavishly expended, could have accomplished it so 
quickly. The history of the discovery has been often told: here 
we will only examine the principles. 

First of all, ordinary uranium, the element with the heaviest 
atom, is made up of two chief isotopes (p. 5 42), uranium of atomic 
weight 238 (U-238) with a small proportion of uranium of atomic 
weight 235 (U-23 5). These are almost identical in properties and 
are therefore extremely difficult to separate. However, the gaseous 
compounds of U-23 5 have rather lighter molecules and so move 
more rapidly than the corresponding compounds of U-238, and 
by taking advantage of this fact, fairly pure U-23 5 can be separated 
by very laborious processes from ordinary uranium. Now when 
a U-23 5 atom is bombarded by a neutron its nucleus breaks into 
two roughly equal parts and at the same time it shoots out 
several high-speed neutrons. Each of these neutrons may split 
another U-23 5 atom, thus setting free still more neutrons capable 
of splitting these atoms: thus if one U-23 5 atom in a mass of the 
metal is split, in a fraction of a second all are split. Now the 
products have much less energy than the original uranium; and 
the balance of energy appears as the heat, light and gamma xsLys 
that destroyed the Japanese cities. This can only happen if the 
neutrons actually hit the nuclei of the atoms. If the piece of 
U-23 5 is small enough, most of the neutrons will escape without 
Iiitting a nucleus; each atom split will, on the average, split less 
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than one other atom and the effect dies out. So small pieces of 
U-255 will not explode. Again, if the U-235 is mixed with other 
elements, their atoms will absorb the neutrons and so no explosion 
takes place. So it follows that a piece of U-23 5 will explode if it is 
pure enough and if it is larger than a certain size, IThis size has 
not been revealed, but it is thought to be somewhere between 
that of a golf ball and a football. An atomic bomb is simply an 
arrangement for bringing together, at the right speed, two pieces 
of U-23 5 (or other fissionable element) too small to explode alone, 
but together forming a piece large enough to retain the neutrons 
and so explode. There is no need to introduce these neutrons, 
for there are always a few present to start things going. 

Uranium 235 can be separated from common uranium and it 
can be made artificially by means of the cyclotron. Both are ex- 
tremely difficult and expensive methods, so much so that they are 
superseded by the wonderfully ingenious uranium pile, in which 
common uranium transmutes itself into an artificial radio-element 
plutonium, which is capable of exploding like U-23 5; at the same 
time the transmutation furnishes great quantities of heat, which it 
is hoped to use in the production of power (p. 551c) 

The uranium pile consists of rods of very pure uranium 
(enclosed in thin metal casings) surrounded by some material 
(graphite or heavy water) which decreases the speed of neutrons 
without absorbing them. Now the uranium rods consist of U-2 3 8 
and some U-23 5. A few neutrons are introduced. These at once 
split some of fhe U-23 5 atoms. A few of the neutrons that these 
atoms give out split further U-23 5 atoms and so keep the process 
going, but most of them are slowed up by the heavy water or 
graphite. These slow neutrons are swallowed up by the U-2 3 8 
atoms, which are thereby turned into a transient element, nep- 
tunium, which in turn changes to plutonium. So plutonium 
gradually accumulates inside the rod. Now plutonium (unlike 
U-23 5) not chemically identical with uranium, and so can be 
separated from the rods by ordinary chemical means. The 
splitting of the atoms produces enormous quantities of heat, and 
the pile would soon destroy itself if it were not cooled. The 
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problem of the utiliser of atomic power is to remove the heat in 
sucli a form (e.g. as superheated steam) that it can be turned into 
power in an engine. ^ 

So much for the theory. The practical difficulties are legion. 
The materials must be exceedingly pure: thus before 1940 there 
was no graphite or uranium pure enough for the work. Secondly 
the radioactivity of the pile is so intense that no creature can 
approach it and live. So it must be screened by thick concrete 
walls and all control must be done by machinery operated from a 
distance. For the same reason the plutonium must be extracted in 
an automatic chemical factory where no one entersl 

What will come of all this? First atomic explosives. We have 
seen their effect in war: they may find a use in carrying out 
enormous engineering projects. Secondly, atomic power, which 
is now entering the stage of large-scale experiment. We cannot 
yet estimate the economics of this or contrast the cost of a few 
pounds of uranium with that of many thousand tons of coal. 
Thirdly, large-scale transmutation of elements. Almost every 
chemical element, if introduced into the pile is transmuted into 
an artificial radio-element. Many of these are as efficient for 
medical treatment as radium and far cheaper: so none who needs 
it will lack treatment by radioactive means. Furthermore these 
elements can be taken into the body, as radium cannot; for those 
artificial radio-elements soon decay and disappear, whereas 
radium remains and in the course of years sets up a &.tal form of 
cancer of the bones. Thus we may hope that better results in the 
treatment of cancer will follow from nuclear fission, but we should 
not be too sanguine. 

One great use for these artificial radio-elements is in the investi- 
gation of the workings of the body. Thus if phosphorus is 
transmuted into radioactive phosphorus, the latter if taken into 
the body does what ordinary phosphorus does, but yet will 
instantly reveal its presence to the electrical detectors of radio- 
activity. Now suppose I want to know whether the phosphorus 

^The heat produced when an atomic bomb explodes is perhaps as high as 
50,000,000** C. — a temperature of the order of that found in the centre of the stars. 
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in a dose of phosphates finds its way into my teeth, which are 
partly composed of calcium phosphate. A little radioactive 
phosphate is mixed with the dose. In a day or two my teeth 
become faintly radioactive, and the answer is Yes. It is easy to 
see that questions about the destinations of substances which 
enter the body can often be answered by “labelling’’ them with 
radioactive substances of the same chemical nature. It is probable 
that very considerable advances in the science that touches us 
most nearly — namely human physiology — will result from this 
technique. 

The latest project for the use of atomic power is the proposed 
hydrogen bomb. The nucleus of a hydrogen atom weighs nearly 
I -008 units, whereas that of a helium atom weighs nearly 
4»ooo units. Thus, if four hydrogen atoms were converted into 
one helium atom, about o*8 per cent of their mass would disappear 
and be transformed into energy — a much greater proportion than 
is transformed when the uranium atom is split. It is supposed that 
the very high temperature that results when a uranium atomic 
bomb explodes would cause hydrogen to undergo this change 
into helium, so that an ordinary atomic bomb could be used as a 
detonator to set off a large quantity of hydrogen. The explosion 
would be vastly greater than that of the atomic bomb; first, 
because hydrogen gives a greater quantity of energy per pound, 
and, secondly, because a great many pounds could be used. We 
have to remember that as yet (1950) such a bomb is still only a 
theoretical possibility and that there may be many unseen 
difficulties. Let us hope that these will prevent its construction. 



CHAPTER XX 


COMPOUNDI 

UOLECULES 

W E have seen that there are ninety-two different kinds of 
atoms, and consequently, ninety-two kinds of stuff which 
we call elements, each of whidb has only one kind of atom in it. 
Iron, copper, sulphur, hydrogen— these are elements, but what of 
the hundreds of thousands of different kinds of stuff that are not 
elements? The chemist divides them up into “pure compounds” 
and “mixtures.” Pure compounds, with which the chemist is 
chiefly concerned, contain only one kind of molecule, but two or 
more different kinds of atoms. Thus, water is a collection of 
molecules, each made of one oxygen atom and two hydrogen 
atoms. Absolutely pure water contains nothing but these 
molecules; no pure water has ever been made, but the best may 
have only one foreign molecule among a milUon water molecules. 
Again, the molecule of rock-crystal (silica) is simply made up of a 
siUcon atom and two oxygen atoms. 

Now, to say that water is a compound of hydrogen and 
oxygen atoms is a very different thing from saying it is a mixture 
of the gases hydrogen and oxygen. In a mixture of hydrogen and 
oxygen made by simply bubbling the two gases into the same 
vessel (p. Hi), there are loose hydrogen molecules and oxygen 
molecules bumping about at random. The mixture is obviously a 
gas (since hydrogen and oxygen are both gases): it may contain 
any proportion of hydrogen and oxygen which may happen to 
have been put in: it will behave like oxygen (you could breathe 
it) and like hydrogen (it would be very light): you could get the 
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ozygea out easily, c.g., by cooling the gas 10-190* C, when 
oxygen would liquefy and hydrogen would not, and you could get 
the hydrogen out by passing it through a porous tube, which 
hydrogen penetrates four times as quickly as oxygen. The eom- 
pound water does not contain oxygen molecules or hydrogen mole- 
cules and so is not in the least like hydrogen or oxygen. It con- 
tains oxygen and hydrogen atoms, but these are bound together so 


Molecules of pure ELEMENTS 
oxygen hydrogen 



Molecules of pure COMPOUNDS 
Water (H« 0 ) Alcohol (C^U.O) Silica (SiO,) 



Molecules of a MIXTURE of alcohol and water 


4 #®- 



Fig. 545. — Diagram of the arrangement of the atoms and mole- 
cules in elements, compounds and mixtures. The diagram 
•hows the sixes (x 30,000,000) and arrangement ot the 
atoms correctly, but the atom itself must not be thought of a 
round ball with a definite surfacel (p. 27). 
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tightly into water molecules that they can only be got apart again 
by rough treatment such as the use of electricity or heating its 
vapour, steam, to a white heat. 

In the case of rock-crystal, which contains silicon and oxygen 
atoms, it is not at all easy to get the gas oxygen from it, though, 
actually, it is rather more than half oxygenl The chemist can do it 
by putting it into hydrofluoric acid — a compound of hydrogen 
and fluorine which turns it into a gas, silicon fluoride, and water. 
He could, by a rather difficult process, separate the water, and by 
an electric current get oxygen from it — some of the oxygen which 
had been originally in the silica. But it would give a good man a 
week’s work to do it. A pure compound, then, is a collection of 
identical molecules, each made of the same number and the same 
kind of atoms arranged in the same way. A mixture is a collection 
of different kinds of molecules. Fig. 345 should give an idea of 
what we mean by a pure compound and by a mixture. 

Since a pure compound contains only one kind of molecule, it 
is easy to recognise one when you have got it. It will melt (or 
freeae) at an exact temperature because all its molecules are alike, 
and will be speeded up enough to escape from the lattice (p. 69) 
at exactly the same temperature. It will boil at a fixed temperature, 
and the temperature will not rise as the liquid boils away. This is 
because the vapour which boils off consists of just the same kind 
of molecule as the liquid left behind; the latter will, therefore, be 
unaltered and will boil at the same temperature. Lastly, when 
once we know how the molecule of a pure compound is made 
up, we can calculate what proportions of the different elements 
the compounds contains. Take the bright scarlet sulphide of 
mercury, the pigment vermilion. The molecule of this contains 
one atom of mercury and one of sulphur. A mercury atom 
weighs 200.6 units,' and a sulphur atom 32 units. So, a vermilion 
molecule contains 200.6 units of mercury and 32 units of sulphur, 


and weighs altogether 232.6 units. So, exactly 


of the 

232.6 


1 The **ttoit** ii oae-tizteenth of the weight of an oxygen atom. Grams ate 
COO kege a uait fbt weighing atoms. 
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mnlticnle is mcrcuty. But the vetmilion is entirely made of these 
200 6 

molecules and SO — 1 - or 86.2% of it must be mercury. 

232.6 

If the chemist wants to know if a specimen of vermilion he has 
made or purchased is pure, he uses tUs fact. He takes an exactly 


COAL GAS 


Pig. 346. — ^How the chemist discoveis the piqj^ortion of mercury in 
vermilion. 

weighed amount of the vermilion and mixes it with pure lime. 
He heats the mixture in a glass tube (Fig. 346) through which a 
gende stream of coal gas is running. The lime takes the sulphur 
from the vetmilion. The mercury turns into vapour which is 
carried over more pure hot lime to remove any remaining 
sulphur, and condenses to liquid mercury in the weighed tube 
(B), which contains some gold leaf, which has an extraordinary 
power of collecting mercury vapour. By weighing this tube (B) 
he finds the weight of mercury in it. If his vermilion is pure the 
mercury from it will be just 86.2% of the weight of vermilion he 
started with. 



PURIFICATION 

The chemist has many ingenious devices for getting pure 
element or compounds out of mixtures. He gets the pure com- 
pound sugar out of sugar-cane juice, pure salt out of sea-water, 
pure sulphur out of the rough ore. llie central idea of all these 
tricks for separating pure compounds is to find something the 
pure compound will do that the other things in the mixture will 
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not do — or put vtrsa. We cannot do better than look at a few 
examples of his craft both in the laboratory and the factory. 

The two simplest methods to understand ate distillation — ^osed 
to separate things of different boiling point — and crystallisation — 
used to separate things which dissolve to a different extent in 
water. First, let us see how the chemist would separate pure alcohol 
from a fermented liquor, first in the laboratory, then in the factory. 

The chemist, in his laboratory, ordinarily uses apparatus which 
is made of glass. Very few chemicals affect glass, you can see 
through it and be sure it is clean, and once the trick is learnt, it is 
not difficult to soften it in the flame and bend it or blow it into 
almost any shape. 

He joins his various bits of apparatus together by means of 
corks and rubber tubes, both of which stand up to chemicals 
pretty well. Metal apparatus is not much used. For a few 
purposes, platinum is necessary, but a platinum vessel the siae of 
a large thimble costs £5 . So most chemists have to do without it. 
Sometimes, silica, pure white sand, is melted into a glass and 
blown into apparatus. This is pretty expensive but, unlike glass, 
stands sudden heating without fear of cracking. 

Suppose then, our chemist wants to separate alcohol from wine, 
which for his purposes may be thought of as water, alcohol and 
a number of solids which won’t evaporate. He will base his 
efforts on the fact that alcohol, when heated, boils at 78° C. while 
water boils at 100® C. You might think that if you heated a 
mixture of alcohol and water, the alcohol would start to boil 
when 78® C. was reached, that it would then all boil off and that 
the water would be left behind. But, unfortunately, the alcohol 
and water do not boil independently. The mixture begins to boil 
at 85 — 90® C and both water vapour and alcohol vapour come 
off. Still, the vapour is richer in dcohol than the original liquid, 
so by boiling the liquid we start our separation. If we cool this 
vapour, the water molecules turn back to liquid more readily than 
the alcohol molecules — as we should expect, since it takes a 
higher temperature to turn water into vapour. So, by cooling the 
vapour, wUch we get by boiling dte liquid, we can condense out 
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a liquid with more water and less alcohol in it than the vapour, 
leaving this still richer in alcohol. By doing this continuously we 
can make alcohol with only about 1 5 % of water in it. 

To perform this distilktion as he calls it, the chemist wants 
somet^g to boil his wine in, something in which to condense 
most of the water out of the vapour, something in which to turn 
the alcohol vapour back to liquid, and something in which to 
catch the alcohol. 
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He puts the wine in a flask (F), a sort of bottle made of thin, 
strong glass of vcr7 even thickness. He supports this on a stand 
and sits it on a piece of stout wire-gauze, under which is a Bunsen 
burner (B) — a simple arrangement for burning a mixture of gas and 
air (already mentioned under the heading of the gas-mantle p. 440). 

In the top of the flask is a cork in which he has bored a hole, 
which is of the right size to grip the fractionating column (C), a 
tall glass tube of some irregular shape which e:^oses a big 
surface of cold glass to the vapour. In the top of this is a 
thermometer (the temperature tells the chemist whether alcohol 
vapour, steam or a mixture is coming over). A side tube from the 
column is fastened into a cork which fits into the condenser (L), 
which is simply a glass tube with water running round the outside 
of it to keep it cold, and the end of this projects into another 
flask (R). He lights the Bunsen burner: the wine boils and the 
vapour, a mixmre of water vapour and alcohol, comes off. As it 
goes up the column, water (and some alcohol) condenses and 
runs back: the vapour which gets to the top is mostly alcohol. 
This goes into the condenser, turns back to liquid and drips into 
the receiving flask. The chemist lets this process go on till his 
thermometer shows about 90° C.: he then knows that most of his 
alcohol has come over, and that the vapour coming through is 
mostly steam. The product in the receiving flask (R) still contains 
about 1 5 % or more of water. The chemist tips the residue in the 
boiling flask (F) down the sink, washes it out and puts the alcohol 
he has made back in the flaskl He distils the alcohol all over 
again and collects the vapour that comes over while the ther- 
mometer shows 78-81® C. The liquid which collects in R has 
now about 95 % of alcohol. Now, some pairs of liquids, for in- 
stance chloroform and benzene, can be completely separated by 
dis tilling them, but alcohol and water cannot. So the chemist 
tries a new trick. He drops into his flask of 95% alcohol some 
lumps of quicklime. Everyone has seen how quicklime, when 
wetted, combines with the water, gets hot and falls to a dry 
powder — slaked lime. Well, the lime does the same thing to the 
water in the alcohol. After two or three days, the chemist 
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distils the mixture of alcohol and lime. The lime, combined with 
all the water, remains in the flask and ioo% pure alcohol passes 
over into the receiver. 

On the flictory scale, the principle is just the sama. In the 
diagram below, the column A represents the boiling flask of 



Fig, 348. — A Coffey still. The weak alcoholic liquor “wash” is pumped to the top of 
the column A. The wash runs down this, and steam is blown up it. The steam 
evaporates the alcohol. The mixture of ^cohol vapour and steam passes up the 
tower B. Here most of the steam condenses (incidentally heating the wash. 
The uncondensed vapour is about 85% alcohol. 

figure 348; here the mixture of alcohol and water (wash) is heated 
by steam. The column B is the fractionating column, the tubes in 
G are the condenser. The fractionating column B is simply a 
succession of shelves with tubes so arranged that the alcohol 
vapour and steam have to bubble through the water and alcohol 
which have already condensed. This is a very efiicient arrange- 
ment indeed, and actually produces 85% alcohol from a fer- 
mented “wash” containing only 5 or 6% of alcohol. 

This distillation method enables a chemist to get almost any 
liquid in a pure state. He has only to distil it repeatedly, rejecting 
everything which boils more than a degree or two away from the 
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hailing point of the liquid and, if he has enough material, he 
will pro^bly get a pure compoimd in the end. Of course, there 
are plenty of difficulties; thus, substances whose molecules break 
up near the boiling point — e.g., olive oil — cannot easily be 
purified by distillation, though the trick of lowering the pressure, 
which lowers the boiling point (p. 1 19), is often successful. From 
very complicated mixtures like lubricating oil with hundreds of 
kinds of not very different molecules, it is hard to separate any 
single kind by itself. But the chemist’s rule is: — ^topurifyaliquid, 
disffi it. Now that liquid air is fiurly cheap, gases are often purified 
by cooling them till they liquefy and then distilling them. The 
type of distillation apparatus used is of course very different from 
the one in figure 347. 

Many solids do not boil at any reasonable temperature. It 
would be very difficult to distil conunon salt, which boils at 
1490° C. — a strong white heat. StiU less could one distil saltpetre 
which turns into oxygen and potassium nitrate long before its 
boiling point is reached. 

These things can be purified by crystallisation. The principle 
is quite simple. Suppose you have a mixture of, say, Glauber’s 
salt (sodium sulphate) with about a twentieth of its weight of 
ordinary salt. You can dissolve 20.25 gtams of Glauber’s salt and 
no more in 100 cubic centimetres of cold water (10° C.) and 
a considerable amount of common salt as well. But you can 
dissolve 65 grams of Glauber’s salt and a large amount of common 
salt in the same amount of warm water at 30° C. So take 65 grams 
of your mixture containing 61.75 gtams of Glauber’s salt and 3.25 
grams of common salt, and dissolve it in 100 c.cs. of warm water 
at 30° C. or more. Now let it cool to 10® C. The water will still 
dissolve tbe 3.25 grams of salt but will only dissolve 20.25 grams 
of Glauber’s salt. So, the odd 41.5 grams (61.75-20.25) of the 
latter appears as pure crystals without any salt! The chemist 
would probably do the operation as in Fig. 349. He would warm 
up the salt nuxture and water in a beaker, a strong thin glass 
tumbler with rounded comers (A). He would leave this to cool 
with a "clock-glass” over it to keep out dust (B). He would then 
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they ate wet with the liquid which has got some 3% of comtnoa 
salt in it. So the crystals will, when dty, still contain a little salt. 
The chemist then repeats the whole process two or three times. 
Each time the crystals contain less and less salt and probably after 
three recrystallisations, none could be detected by ordinary 
analysis. The very purest material, for work where great purity 
matters, may be recrystallised 15 times. 

There ate a few cases where siitet recrystallising a mixture, the 
crystals contain both the things which ate to be separated, though 
they usually contain rather mote of one constituent, and less of the 
other than the liquid does. This is one of the reasons why 
radium is expensive. A ton of ore may contain about ten milli- 
grams of radium. Ten milligrams is about a fifth of the weight of 
a small drop of waterl Various chemical tricks enable neatly 
everything to be removed from the ore: so that the chemist is left 
with say, five thousand grams (about ten pounds) of barium 
bromide mixed with about 10 milligrams of radium bromide. 
Now begins the tedious process. The mixed salts are crystallised 



Fig. 550. — ^How ftactional ctystallisation b carried out. 
A » radium bromide B » barium bromide. 


in much the same way as out impure Glauber’s salt. The crystals 
will contain a little more radium than the original and the liquid a 
little less radium. The crystals are crystallised again, giving a new 
lot of crystals richer in radium, and a liquid poorer in radium, and 
this has to be repeated many times. Fig. 3 30 shows how the crystals 
ftom one process are mixed with the liquid from another, so that 
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the fflatedal is gradually sorted out Into pure radium bromide and 
barium bromide. As the radium bromide and barium bromide 
look precisely alike, it is very necessary to test them at every stage 
to see how the process is gettmg on. This is not difficult because 
the rays from the radium reveal its presence very readily by 
ionising the air and making it conduct electricity. 

This crystallisation method is usually easy: it is only a very few 
things that need such a lengthy treatment as radium, and needless 
to say anything that requires all this skilled labour is expensive. 
But such things as salt, sugar, soda, Epsom salts, copper sulphate, 
quinine, tartaric acid, saltpetre — ^to name but a few out of 
thousands — are easily purified by two or three such crystallisations. 
On the large scale, in the manufacture of chemicals, chemists use 
enamelled pans like large coppers holding a hundred or so 
gallons of liquid. The solution in them takes two or three days to 
cool, consequently, the molecules have time to arrange themselves 
as very beautiful crystals. Gimmon soda is crystallised in this 
way, and forms noble arrays of crystals like great lances of ice. 
But the public prefers its soda crushed, and it is only here and 
there in a 7 lb. bag of soda that you can pick out recognisable 
crystal fragments. 

The troublesome things to purify are those that won’t boil and 
won’t dissolve in water, alcohol or anything else. Copper oxide, 
metals like iron or platinum, silicates like mica, organic things 
with huge fragile molecules like keratin (the material of hair) or 
cellulose, the material of cotton wool, are the really difficult things 
to purify. The only way to get them pure is either to remove 
everything else from them, or to make them from pure materials. 
We can only get pure cellulose by soaking cotton fibres in various 
chemicals which we hope will destroy or dissolve every kind of 
molecule except that of cellulose. Pure copper osde we can 
make by cryst^sing the blue salt, copper sulphate, till it is quite 
pure, and contains atoms of no other metal than copper. Then we 
can turn this into pure copper by passing an electric current through 
it, and then heat rite pure copper in lots of pure oxygen. In this way, 
we can get material which has nothing but copper and oxygen in it. 
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“Pure” is a telative term in chemistry. No one has ever seen a 
pure material. If “pure copper” has only one iron atom to every 
ten thousand copper atoms, it is very pure indeed. Our standard 
of “perfectly pure” material is a material in which we can find no 
impurities. Nobody believes that any of our materials are per- 
fectly pure, i.e., have no other molecules in them but those of the 
material we want. 

This survey has given us a rough idea of how the chemist 
purifies his materials. If you look at a chemical catalogue, you wiU 
find that you can buy about 5,000 different pure substances. Well, 
all these must have been made out of something and the only 
things man can start with in making his chemicals are air, water, 
plants, animals and the rocks. From these, the chemists make a 
few hundred pure materials, and build these up into the five 
thousand chemical substances you can buy and the two hundred 
thousand you have to make for yourself if you want them. Such 
familiar t^gs as most of the metals, as nitric add, aspirin, 
chloroform, benaene, most of the drugs we take, almost all our 
dyes, existed nowhere on earth till the chemist began his work. 
The two great tasks of the chemist are analysis — ^splitting up 
substances to see what elements and molecules they contain — ^and 
^thesis, building up simpler molecules into more complicated 
ones. 


FORMimiS 

Chemical formulae are a bit of a bugbear to the amateur. HjO is 
commonly known to mean “water”; but things like C,Hj.CO. 
NH.CgH4.CH, and names like 

1-2:2: (s-trimethyl- ^-z^tiiobexeryl-yrrdmttlyl-^P^i^-nontttrtme, 
put the public off. The chemical formula is a very harmless af^r: 
the chemical names look horrible because they are really a 
sentence in code. The name tells the chemist who knows the 
code what atoms there arc in the molecule, and where each of 
them is! We speak of the man next door as Bill Jones. This merely 
labels him. The chemist could do this if he wanted to. He might 
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caD tbe compovmd amphiblose or discotin, or something 
euphonious. But he prefers to give it a name which explains it; 
wUch is as if we called BiU Jones, Tbe-fellotv-vitb-nd-bmr-wbo- 
lms-at~/^x~Aeacia-Strttt-and-is-a-bank-cltrk. If the substance with 
the long name comes into common use the chemist gives it a 
“trivial” name which people can pronounce and remember. 
Thus, 2-pheoylquinoline-4-carboxylic add, a drug used for 
treating gout and sdatica, receives the simple name of Atophan. 

The formula is just a shorthand way of saying what atoms there 
are in a single molecule of the substance. Each element has a 
symbol — an abbreviation — which stands for one of its atoms. 
This symbol is usually the initial of the dement^ in some cases the 
initial of the Latin name for the dement is taken. Where several 
dements share an initial, a second small letter is appended. 

A FEW SYMBOLS 

Element Symbol for me atom of the element 


Hydrogen 

H 

Boron 

B 

Carbon 

C 

Nitrogen 

N 

Fluorine 

F 

Neon 

Ne 

Sodium (natrium) 

Na 

Magnesium 

Mg 

Aluminium 

A 1 

Silicon 

Si 

Phosphorus 

P 

Sulphur 

S 

Chlorine 

a. 

Bronune 

Br 

Iodine 

1 

Potassium (kalium) 

K 

Caldum 

Ca 

fianum 

Ba 

Iron (Jerrum) 

Fe 
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Element Symbol for an atom of tbe element 


Copper {atprum) 

Cu 

Nickel 

Ni 

Silver {argtntum) 

Ag 

Gold (aurum) 

Au 

Zinc 

Zn 

Mercury {fydrargjrum) 

Hg 


A little number after a symbol tells the number of that kind of 
atom in the molecule. A molecule of alcohol is arranged like A', 
the black balls being carbon atoms, the little white ones hydrogen 
atoms and the shaded one, an oxygen atom. 


H H 

H-i-i-O-H 
H H 

The S3nnibol for a carbon atom is C, for a hydrogen atom is H, 
and for an oxygen atom is O. So if we want to show how the 
atoms in alcohol are arranged, we can print the formula as above, 
it we are not anxious to show the arrangement of the atoms, we 
put the formula as C,H, 0 , meaning by it that a single molecule of 
alcohol contains two carbon atoms, six hydrogen atoms and an 
oxygen atom. One other way of writing the formula remains. 
When alcohol is treated with chemicals, it behaves as if it was 
made of three bits or groups of atoms, CH3, CH„ and OH. So 
we often write 


H 

H-C -1 

I 

H 


H 


H 


“O— H 


as CHg.CHj.OH 


Fig. 366 shows pictures of the molecules of several substances and 
their formulae. To find out the formula of a complicated un- 
known substance say a drug someone has extracted from a 
tropical plant or the bc^y of an animal — ^is a very difficult job, and 
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is much beyond the scope of this book. Roughly, you iiist find 
out what elements are in it, then what is the weight of each of 
them, then (knowing the weight of each kind of atom) the num- 
ber of atoms of each kind. Then comes the really difficult part. 
Given a formula like C4H,ON8, it is the chemist’s job to find out 
that the atoms, which might be arranged in dozens of different 
ways, actually have, let us suppose, this particular arrangement:^ 

H 

N-CO 

/ 

which we print as HN — C 

\ 

N— CH, 

I 

CH, 

The chief trick by which these arrangements ate discovered is to 
do things heating the substance or boiling it with adds) 
which may knock the molecules to bits: from these bits you may 
be able to separate substances of which you already know the 
formulae. These formulae, then, probably are parts of a jig-saw 
pu22le which when solved gives the formula of your molecule. 
Another method is to say, ^Tf the formula is so-and-so, we ought 
to find that it can be made when certain specified substances are 
cooked up together.’’ The experiment is tried and may be 
successful. The latest method, which can be called on where the 
chemist can do no more, is X-ray diffraction analysis, already 
described on p. 519. The calculations are extremely laborious, 
and it is therefore a last resort. 

However, determining formulae is work we can leave to the 
professional: it is enough to know that C9H7N is the^ormula of 
of a substance which has, in every one of its molecules, nine 
carbon atoms, seven hydrogen atoms and a nitrogen atom. 

1 Throughout Part IV of this book carbon atoms are represented as blacky 
ygen as ^agonally shaded, nitrogen as stippled, hydrogen as white, others as 
'^exes labellt^ with the appropriate symbol 565). Their sizes are in general 
ty million times greater than those of actual atoms. 




CHAPTER XXI 


Htdrogen 


(a; (B) (C) 

Fig. 35 i«— Oiagiam illustrating the make- 
up of (A) the ordinary hydrogen atom 
(B) the H* isotope (Q, the H» isotope: 
electrons ate marked--, protons 
and neutrons N. 


W HAT we call an atom of hydrogen is an atom which has 
only one electron. Its nucleus must, therefore, have a 
single positive charge. It could be a single proton as in ordinary 
hydrogen a proton and a neutron as in “heavy hydrogen” 
(H^), or a proton and 2 neutrons as in the hydrogen isotope H*. 

f ^ A jft \ \ neutrons in ks 

(®1 l^y nucleus should not exist: but 

N — y \ ✓ / there is no evidence for it. 

One hydrogen atom in 
about 6,000 is of the heavy 
H* variety, and one in 
100,000,000 of the H* type. 
Hydrogen atoms will only 
remain single for a very small &action of a second and then link 
up with their neighbours into pairs which we call hydrogen 
molecules. In these, two nuclei share two electrons. It is not 
known just how the sharing is done; the older belief was 
that each electron rotated round both nuclei The quantum 
theory explains it in terms 
of resonance— but does not 
help us to form a picture of 
the process. At any rate we 
know that hydrogen gas as 
we make it consists of pairs 

of hydrogen atoms. Fio, 152.— a possible but .eiy conjectural 

There ate at least twenty ®olecule 

qmte good wap of makmg the iyiDbol - an eiectron. 

S6t 
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bydtogCQ gas. Let as consider a very simple one which gets the 
hydrogen &om the cheapest compound in the world — water. 

Make coke white hot and blow steam over it. Carbon and 
steam give the gases carbon monoxide and hydrogen, a process 
we have already described on p. 25 5 . This gas is then mixed with 
mote steam and led over a mixture mainly consisting of iron 
oxide, whereupon the carbon monoxide and the steam give the 
gases carbon dioxide and hydrogen. 

We have now a mixture of carbon dioxide and hydrogen. 
Compressed carbon dioxide dissolves easily in water, hydrogen 
does not: so by compressing the gas and forcing it through water, 
we dissolve out aU the carbon dioxide and leave hydrogen. 

This is the chief commercial method. It gives tis, by the way, a 
very good chance to show what a chemical equation is. We wiL' 
show what happens to the steam and coke by a picture 

0 +^ — ♦ #0 +. 8 
C + OH,-> CO + H, 

The equation says just the same thing as the picture, but in 
typel The second stage in which carbon monoxide and steam 
giving carbon dioxide and hydrogen may be figured 

## + »• + 8 

OC + OHj ► CO, + H, 

The iron compounds over which the hot gases had to be 
passed do not figure in this picture because they arc unchanged. 
It is not at all uncommon in chemical work to find that two 
substances will only react chemically — re-assort the atoms in their 
molecules — ^in presence of some third substance, which is 
apparently quite unchanged, 

A substance of this Idnd is called a catalyst. It is not really 
known how a catalyst does its work. Sometimes it may combine 
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with one of die substances aa<i make a compound which the odier 
substance breaks up again. 

Thus call the two substances A and B; their compound which 
we want to make, AB; and the catalyst C. Without the catalyst A 
does not combine with B, but with it we may find that A and C 
gives AC and then AC and B gives AB and sets free C to react 
with A once more. Thus a litdc C can make any quantity of A 
and B combine. But more often it would seem that the catalyst 
absorbs the gases on to its sutfiice and so brings their com- 
paratively widely spaced molecules into very close contact so that 
they have a greater opportunity to combine. Be this as it may, 
these catalysts are of huge importance. Hydrogen, ammonia, 
nitric acid, sulphuric acid and many important chemicals are made 
by means of them, and the “enzymes” by which living things 
perform almost all the peculiar chemical operations of their cells 
are catalysts also. 

The steam-and-cokc method serves very well for commercial 
purposes. 

In the laboratory (or the honte), certain metals and certain 
adds can be used to give hydrogen. Zinc and hydrochloric add 
(spirits of salt diluted with water) or dilute sulphuric add (battery 
add) are best used; the add produces with water the “ion” 
H,0+with a positive charge, that is to say, with one electron fewer 
than the four single atoms H, H, H and O would have. Zinc 
gives its two spate electrons to two of these ions which break up 
into water and hydrogen atoms which at once turn into molecules. 
The zinc turns into zinc ions which dissolve in the water. 

So, starting from pure sulphuric add and zinc, 

(i) Dilute the add and so make a molecule 

H,0 [H,0]+ 

-h h,so 4 — ► + rsoj-- 

H,0 [H,0]+ 

of it into two hydroxonium ions with an electron lacking and a 
sulphate ion with two extra electrons. 

fa) Put in the zinc. Its atom gives its two loose electrons to 
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the hydroxonium ions and turns them into water and hydrogen 
atoms which then form molecules. The zinc is left as an ion which 
combines with six water molecules. 

Zn + [H 80 ]+— Zn+-»- + zR^O + H+H 

[H30]+ 

H + H Ha 

Zn++ + 6H2O ► [Zn(H20)J+ + 

The solution left behind after the zinc has given its electrons 
away, contains zinc ions (combined with six molecules of water), 
and an equal number of sulphate ions probably each combined 
with one molecule of water. If the solution is boiled down, these 
become near enough to be attracted by each other, and pack 
themselves into a beautifully regular pattern and appear as 
crystals of the salt zinc sulphate. 

We can write its formula as 

[Zn.6HaO] + + [S04.Ha0] - - 

or more simply as Zn SO4. yHgO. 

The chemist makes his hydrogen in the 
ingenious apparatus called a “Kipp” from 
its inventor and shown in Fig, 553. 

The liquid is a mixture of an acid (not 
nitric acid) and water. The solid is zinc, 
best in the irregular lumps made by pouring 
molten zinc into water. 

Turn on the tap. The pressure of acid 
pushes the hydrogen out, and the acid rises 
on to the zinc. A steady stream of hydrogen _ , 

is then produced. Turn ojEF the tap, and the paiatus. 
hydrogen as fast as it is produced collects 
in the middle bulb and forces the acid back into the upper 
bulb — and after a few seconds no acid remains on the zinc 
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and the action ceases dll mote hydrogen 
is wanted, and the tap is turned on againi 
Figure 354 shows a balloon being filled 
with hydrogen. A rubber cork is best, 
but a good sound one made of ordinary 
cork does very well. It is as well to coat 
the bottom of the cork only with hot 
candle-grease. 

Suppose we have some hydrogen — say 
a cylinder of it — ^how should we tell it 
from air? It is colourless like air and in- 
visible. If you let some escape, it would 
not poison you, though you could not live 
in pure hydrogen. In fact, as long as you 
were careful not to strike a light and so 
cause a shattering explosion you could 
live in an atmosphere of four parts of 
hydrogen and one of oxygen, instead of 
„ ...... . . io ordinary air (4 parts nitrogen to one of 

Fig. 554.— FUling a bal- ^ j i j i 

loon with hyarogen. oxygen), and would only notice one 

^urteay of Messrs. curious difference; your voice would 

So^”Ttd.: ft^ sound shrill 1 The reason of this is in- 

“‘bor’s Tbt Yomt teresting. The voice is generated by vibra- 

ting membranes in the larynx (Adam’s 
apple or voice-box), and is intensified by tbe air vibrating in the 
mouth, throat and nose. Hydrogen has the same elasticity 
(restoring force) as air has, but it is much lighter so that (p. 368) 
the vibrations are much quicker and a cavity filled with it re- 
sounds to the higher frequencies in the voice. If you fill a toy 
balloon with ait, it sinks slowly: filled with hydrogen, it rises 
rapidly to a great height. The reason why a balloon, full of a gas 
lighter than air, rises has already been explained: the question 
arises as to why hydrogen is so light Actually, a cubic foot of 
hydrogen has about a fourteenth of the weight of a cubic foot of 
air. One of the most important laws in chemistry tells os 
that equal volumes of gases, under the same conditions of 
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temperature and pressure, contain the same number of 
molecules. 

If a cubic foot of oxygen contains a billion billion molecules at 
say, 15® C and a pressure of 15 lbs. /square inch, then a cubic 
foot of hydrogen will, under these same conditions also contain a 
billion billion molecules. But a hydrogen molecule contains two 
protons, while an oxygen molecule contains 32 protons and 
neutrons (the electrons are so light that they can be left out): 
consequently, an oxygen molecule is 16 times as heavy as a 
hydrogen molecule. So a cubic foot of oxygen (a billion billion 
heavy molecules) is sixteen times as heavy as a cubic foot of 
hydrogen (a billion billion light molecules). 

Air is a mixture of one part of oxygen, 16 times as heavy as 
hydrogen, with four parts of nitrogen, 14 times as heavy. Con- 
sequently, air is fourteen and two-fifth times at heavy as hydrogen. 
The lightness of hydrogen makes it the ususil thing for filling 
balloons and airships. Helium is not much less light, and is non- 
inflammable. It is therefore more useful where enough can be 
obtained. 

Since a hydrogen molecule is very light, it must move very fast. 
All molecules at the same temperature have the same energy — 
i.e,, hit equally hard. Consequently, the light ones move fastest. 
This high-speed motion makes it very difficult for a hydrogen 
molecule to be slowed down enough to liquefy or freeze (p. 72, 
136): it liquefies only at “252® C. The only gas more difficult to 
liquefy is helium. 

The most obvious difierence between hydrogen and air is 
that in air or oxygen hydrogen burns with a very hot and almost 
invisible pale blue flame. Burning is simply a chemical change — 
an alteration of the way atoms are linked together — which takes 
place with so much energy that much heat and lightlare given out, 
A hydrogen molecule at the ordinary temperature can bump an 
oxygen atom millions of times a second for many years without 
altering either of them. But at a red heat, the molecules are moving 
faster and collide harder, and the atoms in them are twisting and 
wriggling more vigorously. So, a hot hydrogen molecule bumps 
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a hot oxygen molecule and they link up and make a molecule of 
hydrogen peroxide HjO^. 



This bumps a molecule of hydrogen and so forms two mole- 
cules of steam. 


8 — » 


These have got in them all the extra energy which the 
reshufiling of the atoms provides, and so they shoot off 
with an extra dose of energy. When either of them hits an 
oxygen molecule they hand on this energy to it, which makes it 
ready to combine with the next hydrogen molecule it hits and 
form more hydrogen peroxide and water. 

«!1S + 

But since each oxygen molecule produces fn^o steam molecules 
which start two oxygen molecules reacting, it is evident that 
the number of molecules combining doubles in the time interval 
taken by the process just described, which is less than a millionth 
of a second, and continues to double itself in each succeeding 
millionth of a second. 

So, clearly, hot oxygen and hydrogen will combine in an 
extremely short time and, moreover, turn all their chemical 
energy into heat and work in this short time. This means an 
explosion. If you put a match to an open jar containing a mixeuxe 
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of oxygen and hydrogen, a deafening bang is heard and if the jar 
docs not break, a faint dew of moisture is seen upon it; this is the 
water formed. 


A gas explosion like this travels as a wave. 
The first lot of gas to burn produces much 
heat and suddenly and violently expands. 
This compresses the gas in front of it and 
heats it up until it too explodes. The 
result is a wave of compressed gas like a 
very violent sound wave (but twice as 
rapid) travelling outward. After the ex- 
plosion is over, the wave travels on as a 
sound wave and is ultimately heard as the 
noise of the explosion. 

Hydrogen combines with lots of elements 
beside oxygen. We will leave these till wc 
talk about the elements in question, but a 
list of them will give some idea of the 
important compounds concerned. 



Fig. 55J. — ^How an ex- 
plosion wave is pro- 
pagated. 


ELEMENT COMPOUNDS WITH HYDROGEN ONLY. 

Carbon All the compounds in oil and petrol. The two 
simplest examples are methane CH4 (firedamp) and 
acetylene C2Ht. 

Nitrogen Ammonia NH3, 

0 >ygen Water OH*: hydrogen peroxide OjHj. 

Sulphur Hydrogen sulphide H2S (the poisonous part of sewer- 
gas). 

Chlorine Hydrogen chloride HQ, which dissolved in water 
gives hydrochloric add. 

Besides these, there are a host of compounds which contain 
hydrogen and two or mote other elements, and these indude 
almost everything of which the bodies of plants and animals ate 
made. 

Hydrogen combines in two very different ways. Some 
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hydrogen compounds like firedamp, “methane” (CH4), or 
ammonia (NH,) stick to their hydrogen atoms pretty firmly: but 
another class called “acids” very easily exchange hydrogen atoms 
for other atoms. 


ACIDS 

The idea of an “acid” is not very easy to grasp. Think of a 
few of the acids you have met. There is sulphuric acid, an oily 
transparent liquid which destroys clothes and skin, and most 
other things it is dropped on: there is citric acid, used in lemonade 
powders: ^ere is boric acid, the boracic powder used for dusting 
sore places, etc. Not much in common between these. An acid 
is really a compound containing hydrogen which, when the 






^gter + Sulphuric Hydrozoaium+ Sulphate 
tad ion ion 



Citric acid + Water nyctroz* Gtrate ion 
oniuoi 
ion 



Boric aad + Water Hydroz- Borate ion 
onium ion 


Fig. 556.— *How certain acids ionise. For explanation 
ot' t^bols aee note p. 567. 
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compound is dissolved in water is io some measure detached as a 
hydrozonium ion HsO*-. 

Solphunc, dtnc and boric add are alike in giving this H, 0 + 
ion when dissolved in water. They differ in that where a certain 
weight of sulphuric add gives a million ions, the same wdght of 
dtric add gives 16,000 ions and of boric add but 25. 

We call sulphuric add a strong add, dtric add a weak add, and 
boric add a very weak add. 


COMMON ACIDS 

AZX THESE GIVE WHEN DISSOLVED m WATER 


Nitric add 
Sulphuric add 
Hydrochloric add 


STRONG ACIDS 

“aqua fords” 
“oil of vitriol” 
“spirits of salt” 


WEAK ACIDS 


Acedc add 
Tartaric add 

Qtric add 
Oxalic add 
Acetyl-salicylic add 


The add in vinegar. 

Used in baking-powder. The add in 
sour wine. 

The add in lemon juice. 

“Salts of lemon,” very poisonous. 
Aspirm. 


VERT WEAK ACIDS 

Boric add “Bocadc powder.*' 

Carbonic add “Soda-water.” 
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So tcally all adds when mixed with water are just solutions of 
hydroxonium ion H3O+ and of some other ion which from the 
point of view of its add properties usually does not much matter. 
Adds without water (or some other solvent like water) just do 
not act as adds at all 1 So, if we want to know how adds in 
general behave, it is enough to know what hydroxonium ion 
does. 

First of all, it tastes sour. You can try that with the strong 
sulphuric add if you stir a drop or two into a tea-cup of water. 
A stronger solution would be dangerous. The tastes of acetic 
add (in vinegar), of dtric add in lemon juice, are familiar enough. 
For the very weak adds, carbonic and boric, the sense of taste 
is not sensitive enough to detect the sourness. It is a pretty 
general rule that anything which tastes sour (not bitter) has an 
add in it. Unripe fruit, sorrel leave.s, lemons, cranberries, aspirin, 
all contain adds and taste sour. 

Hydroxonium ion is not poisonous unless a great deal is 
present, in which case it irritates and finally destroys and liquefies 
the substance of the throat and stomach. G>nsequently, if you 
drink any of the strong adds mixed with only a little or no 
water, you will die a slow and painful death. Weak acids, and 
strong adds mixed with fifty or so times their weight of water, 
ate harmless unless the other ion or the unbroken add molecule 
is poisonous. Thus, oxalic add is very poisonous, though a 
weak add, and the most rapid of poisons, prussic add, is so weak 
as to be hardly an add at all. 

Secondly, hydroxonium ion will take electrons from suitable 
metals and turn them into ions and itself into water and hydrogen. 
This has been explained under the making of hydrogen (p. 570). 
This will not work with some metals (platinum, gold, silver, 
mercury, copper)* it works best with magnesium and second best 
with zinc. Actually, the hydrogen comes off very slowly unless 
the add is a fairly strong one. 

Finally, hydroxonium ion H30'^ and hydroxyl ion OH~ combine 
and form water HjO. The things whi^ give hydroxonium ion 
are adds and those which give hydroxyl ion are called alkalies 
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ot bases. So adds combine with alkalies to give water; and the 
remaining ions when the solution is boiled down pack themselves 
into crystals and are called a salt. 

Consider some caustic soda. The molecule of this is a positively 
charged sodium ion bound by electrical attracdon to a negadvely 
charged hydroxyl ion (Fig. 357, 1 ). Dissolve it in water and the 
ions wander off freely, a bodyguard of water molecules screening 
them from each other’s attracdon (Fig. 337, II). Dissolve some 
hydrochloric add in water (Fig. 357, III). It changes to hydrox- 
onium ion H, 0 + and chloride ion Q~ — a chlorine atom with an 
extra electron. Mix the two solutions. Hydroxonium ion and 
hydroxyl ion give water (Fig. 337, IV), and the chloride ion 
and sodium ion Cl- and Na^ ate left. Now, a mixture 




CRYSTALS 

or 

SALT. 



Fig, 557. — How sodium hydf oxide and 
hydrochloric acid give common salt. 


of sodium ions, chloride ions and 
water is just a solution of common 
salt, and if you boil the solution 
dry you get small crystals of 
so^um chloride built out of ions 
of sodium and chlorine (p. 47). 

Any acid and any alkali or base 
give a salt and water. A salt in 
the chemical sense does not mean 
common salt, which is only one 
of thousands. It means a material 
composed of positive ions electri- 
cally attracted to negative ions, 
with the limitation that the posi- 
tive ion must not be hydrogen 
or hydroxonium (or the material 
would be an acid) and the nega- 
tive ion must n< 3 t be hydroxyl 
OH"' (or the material would be 
an alkali). 

Salts are well enough known to 


allofus. The following table tells us the formulae of afew salts and 
shows the acids and metads (or alkalies) they cam be made from. 
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SALTS 





Made from 

Common 

Chemical 

For- 





name. 

name. 

mula. 

Add 

! 

AlkaU 
or Base. 

Common salt 

Sodium chloride 

Naa 

Hydrochloric 

Caustic soda 




HCl j 

NaOH 

Glauber*8 salt 

Sodium sulphate 

NafiS 04 

Sulphuric 1 

Caustic soda 



H2SO4 

NaOH 

Saltpetre 

Potassium 

KNOa 

Nitric 

Caustic potash 

nitrate 


HNO, 

KOH 

Plaster of Paris 

Calcium sulphate 

CaSO* 

Sulphuric 

HaSOa 

Calcium hydrox- 
ide or lime 




CaCOH), 

Marble 

Calcium 

CaCO. 

Carbonic 

Caldum hydrox- 


carbonate 


HaCOa 

ide or lime 
.Ca(OH), 
Silver oxide 

Lunar caustic 

Silver nitrate 

AgNO, 

Nitric 



HNOa 

^ AgjO 

Blue vitriol 

Corrosive 

Copper sulphate 

Mercuric 

CttSO. 

Hga, 

Sulphuric 

H2SO4 

Hydrochloric 

Copper oxide 
tuO 

Mercuric oxide 

Sublimate 

chloride 

HQ 

HgO 

White vitriol 

Zinc sulphate 

ZnSO. 

Sulphuric acid 

Zinc oxide 



H8SO4 

ZnO 


Some sort of tough idea that (i) an add is a thing which parts 
with its hydrogen atoms easily; (2) an alkali is a thing which 
gives away an OH~ group easily; (}) a salt is a package of positive 
and negative ions (other than H3O+ or OH“) will do to carry 
us through our glance at the chemistry of other elements. 


USES OF HYDROGEN 

Vast quantities of hydrogen are used nowadays for hydrogenat- 
ing coal to turn it pardy into petrol (p. 253); for turning cheap 
uneatable oils (p. 630) into dean fats for nuking margarine — 
for hydrogenating lubricating oils 233), and for turning 
nitrogen into ammonia (p. 647). 
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Air and Oxygen 


OXYGEN 


O XYGEN is the most abundant element in the world. The 
airi8one-fifthoxygcn,all the vast wastes of the sea are eight- 
ninths oxygen and the rocks we walk on contain between a 
quarter and half their weight of oxygen. I look round this room- 
metals excepted, I cannot see a thing which does not contain 
oxygen. Skin, cotton, wool, brick, glass, dxina, wood, paint, 
ivory, all contain oxygen. 

It is characteristic TWO OXYGEN ATOMS 


of oxygen that it com- 
bines withmostthings 
very readily if they are 
heated and once an 
oxygen atom has com- 
bined with another 



Sil electrons in outer 
layer. 



Six electrons in outer 
layer. 


Idnd of atom, it is not 
easy to tear it away 
from its companion. 
The chemist calls it 
a reactive element- 
one which readily 
forms compounds. 
An oxygen atom 
has a nu^us with 
eight protons and 
eight neutrons in it. 



Bight electrons in Eight electsons in 
outer layer. outer layer. 

OXYGEN MOLECULE 


Pic. )58.— A diagram illustrating how two oxygen 
atoms might form an oxygen molecule, uke 
all pictures of the insides of atoms, it is not to 
be taken too literally. 

5«x 
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Round this circulate, first, two i-quantum electrons, then six 
2-quantum electrons. The arrangement with least energy is the 
ring of eight electrons. Accordingly, an oxygen atom tries to get 
two electrons by combining with other atoms. It can do this 
by combining with another oxygen atom, two electrons of each 
being shared by the other to give at least a share of eight to each. 

One can make oxygen in twenty or more ways, but the only 
industrial method is to get it from the air. It may seem odd not 
to get it from water, which is eight-ninths oxygen, instead of 
from air, which contains only a fifth. The trouble is that when 
a ton of hydrogen and eight tons of oxygen combine and make 
nine tons of water, they give out a great deal of heat — about 
equivalent, in fact, to 50,000 horse-power hours. It follows, 
then, that to get those eight tons of oxygen back, we must spend 
at least those 50,000 horse-power hours of energy, and energy 
costs money. The air is simply a mix-up of oxygen molecules 
and nitrogen molecules. If a trick can be found to separate these, 
as we might separate peas and beans, the oxygen can be got 
without spending much energy. The trick has been performed. 
Airis liquefied as described on p. 136, and the liquid air is 
distilled in an apparatus which works on much the same principle 
as the petroleum still illustrated on p. 254. Oxygen boils at 
— 186® C. and nitrogen at — 195® C., so by very careful design 
of the apparatus, liquid oxygen can be left in the still while the 
more volatile nitrogen passes out of it. The oxygen is chiefly 
used for medical purposes; for the majority of chemical purposes, 
oxygen mixed up with nitrogen — ^i.e. air — does very well. 

If you want to see a little oxygen, a simple way is to put a 
tcaspoonfixl of permanganate crystals in a medicine bottle and 
pour in about half an ounce of hydrogen peroxide. Bubbles of 
oxygen come frothing out, and if you lower a burning match 
on a wire into the bottle, you will see the brilliant way in which 
things burn in oxygen. Pure oxygen looks and smells and tastes 
exactly like air. It is absolutely necessary for the life of any 
animal or plant more complicated than a bacterium. Pure oxygen, 
however, is a slow poison to mammals and causes inflammation 
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of the lungs; for medical putposes, where the lungs are not doing 
their work properly, a mixture of air and oxygen is often adminis- 
tered to patients and has saved many lives. The very interesting 
subject of oxygen and breathing is taken up again in Chapter 
XXXVIII. C^gen and indeed all gases dissolve slightly in water. 
Water contains eight-ninths of its weight of oxygen atoms all 
combined with hydrogen atoms but, if pure, no oxygen mole- 
cules. Animals need oxygen molecules for their breathing, conse- 
quently in pure water a fish drowns as quickly as a man. All 
ordinary water contains dissolved oxygen, which the fish extracts 
by means of its gills. Sewage absorbs oxygen and so very foul 
rivers will not support the life of fish. 

COMBUSTION 

When most things are heated in oxygen — or air — they combine 
with it. The only things which will stand heating in oxygen 
without reacting with oxygen are the “inert gases” like neon; 
fluorine, chlorine, bromine and iodine; platinum, gold and silver 
and the things which have already combined with as much 
oxygen as they can, such as stones, fireclay, quartz and Ume. 

To describe what happens to things when they are heated in 
air or oxygen really needs a voliune to itself. 

First, consider the elements. These are divided into non-metals 
and metals. Of the common non-metals, hydrogen, we know, 
bums to water. The flame of hydrogen burning in oxygen is 
one of the hottest in the world and temperatures of 2500“ C. 
have been reached with it. It is not of much practical use, as the 
electric arc is cheaper and as hot. Carbon exists as diamonds, 
as graphite and as charcoal. In diamond, the carbon atoms are 
all chemically combined; it slowly wastes away when kept at a 
white heat in oxygen. Graphite does the samclhing, but the 
very porous charcoal burns quickly with a white and brilliant 
light. In each case the gas carbon dioxide is produced; but it is 
possible (p. 254) to get carbon monoxide. Nitrogen docs not 
bum in oxygen, but if made very hot it gives the gas nitric 
oxide. This is a commercial way of making nitric acid (p. 647). 
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Sulphur bums with a violet flame aad gives the gas sulphot 
£uniliar as the fumes of fireworks. 

The metals are all (except pladnimi, gold and silver) affected 
by oxygen. A few will bum in air. Everyone has seen magnesium 
ribbon burning. If you blow a little aluminium powder into a 
flame, it bums with a bright flash. 

An interesting application of this is 
the Sashalite flash lamp. This is designed 
to give a sudden brilliant flash for press- 
photography, etc. It is a bulb (Fig. 359) 
filled with oxygen at low pressure and 
containing a mass of crumpled alu- 
minium foil — “silver paper.” The 
passing of a current heats a filament 
which ignites a composition which, in 
turn, fires the aluminium. Its great 
advantage over the old flash powder is 
its smokelessness. 

Iron burns too, as you can easily see 
when steel is ground on a carborundum 
wheel. If you drop a pinch of iron filings 
into a flame, you can see it bum with pretty 
branched sparks. Other metals like lead 
or nickel do not easily bum but, if kept 
at a ted heat in air, slowly change into 
the oxide. 

In every case, the metal forms a compound with oxygen called 
an oxide. The white ash from burning magnesium is magnesium 
oxide, the scale £rom burning iron is one of the several iron 
oxides, the black brittle stuff which is left on a copper wire which 
has been made red hot is copper oxide. 

The things which we bum for practical purposes are com- 
pounds of carbon and hydrogen, as coal and oil, or of carbon, 
hydrogen and oxygen as spirit, wood, paper, fats, etc. In every 
case, if there is enough air or oxygen, when these things bum, 
they produce carbon ^oxide and water. 



Fio. JJ9. — Sashalite flash 
lamp. 
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and twenty-four molecules of carbon dioxide 
Fjo. 360. — What happens to the molecules when cotton wool 
butxs8« The black spheres represent carbon atoms, the grey 
spheres oxygen atoms, the white spheres hvdrogen atoms. 
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A piece of cotton wool is fairly pure cellulose with a very 
complicated molecule, which, however, is a string of about 200 
0 ,HxoOg anits, of which four only appear in Fig. 360. This unit 
when it bums takes up 12 atoms of oxygen and gives carbon 
dioxide and water. 

But, in actual fact, though the picture above shows the final 
result of burning cotton wool, all sorts of fragments of molecules 
ate formed and later destroyed. If you blow the burning cotton 
wool out, you smell an acrid smoke which contains a variety 
of carbon compounds — acedc add is the simplest — arising from 
the breaking up of the cellulose molecule. The final products, 
however, when everything has been burnt, are carbon dioxide 
and water. 

The fact that there is any oxygen at all in the air is odd. At 
the time of the earth’s history when there was no life, there 
must have been much less oxygen — ^perhaps none — in the air. 
Plants make all their substance from the carbon dioxide of the 
air, and animals make their bodies from plants, so all the coal and 
oil in the world must have been ultimately produced by plants 
taking the carbon from carbon dioxide and returning the oxygen 
to the air. Well, it is very hard to say how much coal and oil 
there is under the earth, but rough estimates make it likely that 
if all the coal and oil and vegetation of the world were burned 
so that the carbon in them went back to the carbon dioxide that 
it came from, there would not be much oxygen left in the air. 

Recent observations of the spectra of Ac atmospheres of 
Jupiter, Saturn, Uranus and Neptune indicate that Aey are 
mostly made of methane (Ae inflammable gas found in coal 
mines). This seems to be w^ authenticated and shows that Acre 
is no oxygen worA speaking of in Ae atmospheres of Aese 
planets, for if Acre were, passing meteors would long ago have 
caused a huge gas-explosion and turned Ae methane into carbon 
Aoxide. 



CHAPTER XXm 


Carbon the Lifegiver 

CARBON CHAINS 

T he atoms of the element carbon have the power of linking 
themselves into long chains, rings and nets. Chains of more 
than ) or 4 atoms of the same kind cannot be made by any 
other element except carbon. Consequently carbon forms 
complicated compounds having larger molecule^ than those of 
any other element. These compounds arc all-important to us, 
for it is of them that our bodies are made. 

We shall have more to say of the carbon compounds in our 
bodies in Chapter XXXVIII; for the present, we may look at a 
few of the simpler but important materials containing carbon. 

Carbon itself occurs as two 
very different kinds of crystals, 
diamond and graphite. A 
diamond crystal is made of 
carbon atoms all chemically 
combined in a 5-dimensional 


Pig. 56i.—Stfucture of dianK)nci (left) and graphite (right). The spheres represent 
carbctfi atoms. 
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net of hexagons (Fig. 361). A graphite crystal is a pile of flat nets 
of carbon atoms, the atoms in each net being chemically com- 
bined — linked by sharing their electrons — ^while the individual 
nets are only held together by rather feeble electrical attractions. 

Both diamond and graphite are very difficult to aflect by 
chemicals because the carbon atoms are already as fully combined 
as possible except just at the surfaces and edges and only a very 
small proportion of the atoms are at the edge. But there ate 
several other materials which are nearly all carbon, notably char- 
coal (made by heating wood in a vessel from whichair is excluded), 
lampblack, coke, etc. Qiarcoal made by heating sugar in a closed 
vessel is almost pure carbon. The X-ray pattern shows that, like 
graphite, its atoms make hexagonal nets, but that these nets are 
probably very small and jumbled together irregularly. The result 
of this is that these small “nets” have a great many edges where 
chemicals can get at the carbon atoms. Consequently, charcoal 
bums quite easily and is slightly affected by some acids which do 
not affect diamond or graphite to any extent that we can measure. 
A very curious property of charcoal is its power of absorbing 
other things, which may be simply due to its very open porous 
sttucture which makes it — like a heap of scraps of paper — almost 
all surface. All surfaces whether of glass, metal, china, or what 
not, when exposed to air or any gas, cover themselves with a 
very fine layer of gas about one molecule thick. With a thing like 
a sphere of graphite an inch in diameter, this would mean only 
one ten-millionth or so of its weight of gas. But now suppose 
the gas could penetrate into the graphite and a molecule attached 
itself to every carbon atom. If tibe gas was, say, ammonia, there 
would be as many molecules of gas as carbon atoms and the 
sphere would absorb twenty or so litres, two thousand times its 
volume of ammonia. Well, a piece of charcoal which has been 
made red hot and cooled in a vacuum will absorb 170 times its 
volume of ammonia gas. So it looks as if about every 12th 
atom in the charcoal was holding on to an ammonia molecule 
and we might guess (on not too reliable grounds) that charcoal 
was a jumble of nets of carbon atoms of such a size that every 
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atom in 12 or so was an edge atom capable of holding on to a 
gas molecule. This behaviour of charcoal is most useful in 
making and regulating high vacuums (p. 204). It is also greatly 
used for making sugar white. Sugar-cane juice is of a brownish 
tint and the brown stuff is some compound with a huge molecule 
(which we have not yet learnt how to map out). The manu- 
facturer filters the juice through charcoal, which absorbs this 
brown stuff and lets the colourless sugar solution pass on. When 
the charcoal has absorbed all the colour it can, it is made red hot. 
This turns the brown colouring matter, etc., into more charcoal, 
and this charcoal can be used over again. If you boil a little diluted 
beer or port wine with powdered charcoal (the material made by 
charring bones is thebest)it will take all the colour put of the liquid. 

Carbon is a rather unreactive substance. Charcoal from old 
fires lighted by the primitive Sinanthropus man perhaps a 
million years ago remains unchanged, though wy metal but gold 
would have corroded to a shapeless mass of riist. Now carbon 
(in the form of graphite) is one of the very few things which 
resists chemicals and also conducts electricity well, consequently 
it is used very greatly for anodes in electrolytic cells such as 
those described on p. 691 for making aluminium. To make these 
anodes a rather interesting process is employed. The anodes 
are moulded out of ordinary powdered carbon with a little tar 
to stick it together. They are baked hard and packed in coke 
dust in a large box-shaped furnace. A very large electric current 
is sent through this which makes the whole thing white hot. 
The effect of this is to turn the anodes into graphite — ^probably 
as a result of the little networks of carbon atoms linking with 
others to form bigger ones. 

CARBON MONOXIDE 

Carbon forms two well-known compounds with oxygen — 
both gases. It is rather interesting to see how very different they 
arc, in spite of their both being made of nothing but carbon 
and oxygen. 
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The two gases arc carbon monoxide and carbon dioxide. We 
have already seen how carbon monoxide is produced when air 
is blown through red hot coke (p. 254), or when steam is blown 
through white hot coke. If any ordinary fuel, oil, petrol, gas, 
coke, coal, etc., is burned with a full supply of air, only carbon 
dioxide appears in the gases produced, but if air is deficient, or 
burning is imperfect as in a coke fire with a poor draught or the 
exhaust of an idling motor engine, carbon monoxide is produced. 
Chemists have several ways of making pure carbon monoxide, 
but the important thing from our point of view is its use as a 
fuel and its dangers. We have already written in Chapter IX 
of its practical use for running gas engines. 

Pure carbon monoxide looks like air and has only a faint smell 
not unlike that of onions. It is often said to be odourless because 
the observer has been afraid to take a good sniff of it. It would 
not be dangerous if it smelt like chlorine or ammonia, but it 
poisons many people every year because they do not notice it 
in time. Carbon monoxide does its deadly work because it 
combines with haemoglobin — the stuff which makes our blood red. 
The function of haemoglobin is to carry oxygen from the lungs 
to the rest of the body. But the carbon monoxide molecule takes 
up the position on the haemoglobin molecule that the oxygen 
molecule should occupy and so suffocates the body from within. 
It has been calculated that air containing one or two parts of 
carbon monoxide in ten thousand is dangerous if breathed for 
many hours. Now coal gas contains from one-tenth to one-third 
carbon monoxide and motor-exhaust may contain several parts 
of it per himdred. Coke fumes may contain up to 20% of the gas. 
All these arc therefore poisonous. Coal gas is to-day the com- 
monest way of committing suicide; occasionally, a broken main 
lets enough gas into a house to poison the sleepy occupants. 
Motor-car exhaust is not dangerous in the open air, but it may 
leak into a closed car and cause faintness and even death, and 
it is most dangerous to run a car in a closed garage. Most people 
know the dangers of the coke-bucket, but in southern countries 
deaths sometimes occur through taking the pans of smouldering 
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charcoal, used for warming rooms, into bedrooms with closed 
windows. 

Carbon monoxide bums with the beautiful blue smokeless 
flame which may be seen playing over a bright fire of glowing 
coals. When it bums, its molecule takes another atom of oxygen 
and forms carbon dioxide, as is illustrated in Fig. 139, p, 254. 
It will also combine with the gas chlorine and forms deadly 
poison-gas carbonyl chloride or phosgene which is far more 
deadly than carbon monoxide. 


CARBON DIOXIDE 

Carbon dioxide presents an entirely different picture. It is a 
kindly and beneficent substance. It feeds the green plants of 
the world and is harmless to man unless a great deal is breathed. 
It has do2ens of uses in industry; dissolved in water it gives soda 
water; soUdified, it gives the Drikold which keeps ices cold; it 
is used in making washing soda and a good many other chemicals. 
Finally, it is a strong stimulant to breathing, a mixture of oxygen 
and a little carbon dioxide being quite the best thing for reviving 
the pardy suffocated. 

ITbie air contains a little carbon dioxide — ^in the open country 
about 3 parts in 10,000. Every breath man and animal exhales, 
every bit of coal, oil or gas burnt, sends carbon dioxide into the 
air. The coal that the world bums, alone sends seven hundred 
and fifty cubic miles of carbon dioxide into the air each year. 
Yet the proportion does not increase, first, because the ocean 
of air is so vast, and secondly because countless myriads of leaves 
on land and of tiny green algse and diatoms in the sea, are turn- 
ing the gas to starch, sugar and cellulose on which men and 
animals will feed. 

Carbon dioxide is made, as we have seen, by burning carbon 
and all the fuels contaiming it, but in this way we get it mixed 
up with air. When it is wanted pure, waste furnace gases con- 
taining io'% or more of the gas, a little oxygen and a great deal 
of nitrogen are compressed and forced into water. The water 
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dissolves the compressed carbon dioxide very easily, making a 
sort of super-soda-water containing very little of the nitrogen 
etc., in the fuel gas. When the pressure is released, the carbon 
dioxide bubbles out of the water again. It is compressed again 
and then liquefies easily (which any impurities like nitrogen do 
not) and can be forced into cylinders. 

This is the cheapest way of making it. The easiest is to drop 
a piece of soda into vinegarl The laboratory way is to use the 

apparatus shown in Fig. 353, 
putting marble chips in the 
centre bulb instead of zinc. 
Marble is calcium carbonate 
— a regular arrangement of 
calcium ions and carbonate 
ions. The hydroxonium ions 
from the acid and the carbon- 
ate ions produce carbon di- 
oxide gas and water, while 
the calcium ions and chloride 
ions remain dissolved in the 
water (Fig. 362), 

It is colourless and in- 
visible like most gases. It 
has the slight smell and taste 
we all know in soda-water. 
Water dissolves it a good 
deal more freely than most 
gases and the solution is a very 
feeble acid. Carbon dioxide 
will not bum because it can^t combine with any more oxygen. 
Every atom has a limit of combining power. It takes two 
electrons to hitch an oxygen atom to anything — its 6-group of 
electrons has to be made up to 8. Carbon has four ‘‘spare'' 
electrons, not in a complete group already, so it can hitch up 
to one oxygen atom by using two of these or to two oxygen 
atoms by using all its four; but it can’t hitch to three oxygen 
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Fig. 562. — How marble and hydrochloric 
acid give carbonic acid, which breaks 
up into carbon dioxide and water. 
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atoms unless it borrows some electrons as it does in the CO, 
:on, where the calcium atom supplies a couple. 

Most things will not bum in carbon ^oxide because they 
would have to get the oxygen for their burning away from the 
carbon. Only a very few atoms (magnesium is an example) are 
energetic enough to do this. Consequently, carbon dioxide is a 
useful fire extinguisher. It is not of much use by itself because the 
draught of the fire carries it away, but a foam of bubbles filled 
with carbon dioxide is the best way of putting out oil fires. 

In a foam extinguisher an acid solution (often of alum) is 
pumped through one limb of a Y-shaped tube, while a solution of 
soda is pumped through the other. Some slimy substance such as 
liquorice is often added, so that the foam produced shall last. 
The two solutions meet, mix and produce bubbles of carbon 
dioxide: these pass out as a foam through a noad^t attached to the 
third limb of the Y-shaped tube. 

Just look back a moment. We have talked of tiro gases, carbon 
monoxide and carbon dioxide, both made of oxygen and carbon 
and nothing else. They don^t differ as, say, a weak whisky-and- 
water differs from a strong one, but they are quite as different as 
whisky-and-soda is from caf(£-au-lait. Carbon monoxide burns 
because the carbon atom has spare electrons with which to hold an 
oxygen atom — carbon dioxide docs not because its carbon atoms 
have used up all their electrons. Carbon monoxide is poisonous 
because it has spare electrons by which to link itself to the blood- 
pigment; carbon dioxide stimulates breathing because — ^wcll, 
because the body has evolved a regulator which detects an undue 
amount of carbon dioxide in the blood and quickens the breathing 
to breathe it out again. There is a sensible reason for all the 
differences between these gases; most of these reasons we know, 
but we can’t put many of them in simple language.* 

ORGANIC CHEMISTRY 

A whole department of Science — Organic Chemistry — is given 
up to the compounds of carbon. The name Organic Chemistry 
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dates from a century back, when it was believed that carbon 
compounds such as sugar, alcohol, uric acid, etc., could only be 
made by the help of an organism — animal or plant The great 
majority of organic compounds can now be made by starting 
widt the simple elements, carbon, hydrogen, oxygen and nitrogen; 
none the less, the name “organic” is still £urly appropriate 
because the bodies of animals and plants are chiefly made up of 
these “organic” compotmds of carbon. Moreover, the source 
of very many of our organic compounds are such plant products 
as sugar, starch, wood, vegetable acids, turpentine, etc.; 
and the most important source of all — coal tar — ^is derived 
from coal, the mummified remains of ancient swamps and 
forests. 

Organic chemistry is very highly systematised. The organic 
chemists in the last hundred years have learned to predict with 
some accuracy how a new molecule containing carbon atoms is 
likely to behave, and they have developed ways of building up or 
synthesising almost any possible kind of molecule. 

One of their most interesting and important tasks is finding 
out how the molecules of the drugs, dyes, perfumes, etc., found 
in plants ate constructed, and then building up those molecules 
from cheap and common compounds. A good example of this 
work is given by the case of indigo. Fifty years ago, the valuable 
blue dye indigo was made chiefly in India from the indigo plant. 
The material was expensive and not very pure, various brownish 
substances being mixed with it. Then ^e chemists got to work 
on indigo. They broke it up by heat. They broke it up by treat- 
ment with nitric add; they applied every kind of chemical trick 
to it and so split its molecules into a niunber of materials with 
simpler molecules. These latter molecules were already known 
to have certain structures and by a sort of intelligent piecing 
together, it was settled that the indigo molecule had a 
structure of carbon atoms, hydrogen atoms, oxygen atoms, 
and nitrogen atoms linked up into the pattern which the 
chemists express thus, and which is pictoriaUy represented in 
Fig.36},Vin. 
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Pig, <65. — How the chemists build up the complicated 
molecule of indigo. (See footnote, p. 567 fot symbolr 
employed.) 
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Then tbe (bemists began to work on making a substance with 
these molecules from quite simple and cheap materials. It took 
a long time to find the way but, finally, severri possible ways were 
devised and one proved to be an even cheaper way of making 
it than by getting it from the plant. 

They start widt benaene (I), which is very cheap and gives 
the necessary hexagons of carbon atoms, and with acetic add (II), 
which is also made very cheaply by distilling wood. The benzene 
they mix with nitric add and sulphuric add and obtain a ]rellow 
almond-smelling oil, nitrobenzene (III). This, with the hdp 
of iron and water, which supply hydrogen, they turned into 
aniline (IV). Meanwhile the acetic add has been boiled and 
chlorine bubbled through it, giving chloracetic add (V). This 
is heated with the aniline and gives phenylglycine (VI). This is 
then melted with caustic potash and gives indoxyl (VII). This 
has only to be dissolved in soda solution and exposed to air to 
turn into indigo (VUI). And this is cheaper than growing indigo 
plants? Curiously, it is so much cheaper that indigo planting is 
extinct. 

It is remarkable that these complicated molecules were all 
mapped out by deducing from their chemical behaviour where 
these atoms had to be. There was no prospect of mapping them 
in any other way imtil X-ray analysis came along ^md proved the 
organic chemist exactly right in all the cases which have been 
tested. Fig. 305, p. 487, shows the X-ray picture and the chemical 
formula for anthracene. 

Organic chemistry has enabled us to make a number of im- 
portant natural substances more cheaply than they could be made 
&om plants. Besides indigo, oil of bitter almonds, oil of cinna- 
mon, oil of cloves, and camphor are examples of things which 
are now usually made in chemical works instead of being grown. 
But a fiu; more important side of this synthetic work is the malcing 
of substances which never existed till man learned to make them. 
Anaesthetics like chloroform and ether, valuable drugs like 
sulphonal, aspirin, phenacerin, salvarsan, amyl nitrite; explosives 
like nitroglycerine and “T.N.T.”, poisons like mustard gas; all 
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the novel dyes which make our modern dresses far more varied 
and brilliant in colour than those of any other age — all these 
arc new substances which could never have existed without the 
organic chemist’s syntheses. 

HTDROCARBOKS 

The skeleton of a molecule of an organic compound is nearly 
always a chain of carbon atonts. The chain may be straight or 
branched, or very commonly may return on itself as a loop. 
A carbon atom has four electrons in its outer group, so it can 
attach itself to four other atoms. When two atoms are linked in 
a compound, they each share the other’s ele^Ons and a pair of 
shared electrons is symbolised by the organic chemist as a line — . 
Thus, the molecule of the gas ethane (contained in natural gas) 
is something like this: the big bladt spheie being a 

model of a catbon atom and the little white one of a hydrogen 
atom. The organic chemist calls the carbon atom C and the 
hydrogen atom H and writes the structure as: 

H H 

H— C C— H 

I I 

H H 

Since the carbon atom has four spare electrons, it can share with 
four othej atoms and unlike most other atoms it always uses all 
its four spare electrons. So, in the formula of an organic com- 
pound, every C atom has four **bonds,” as wc call them, linking 
it to other atoms. The four linkages arc not arranged like a flat 
cross but arc as far as possible away from each other. Thus, 
methane is not II but I: 
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None the less, organic chemists usually write their formulae in 
the flat style U, because the solid style I is so difficult to draw 
or print from type. 

The simplest organic compounds have only carbon and hydro- 
gen atoms in their molecules. An enormous number of hydro- 
carbons are known and it is worth describing them rather fully 
just to show what a variety of things can be made out of only 
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Six CftfboQ atoms and fourteen hydrogen atoms can be linked up in 5 different 
ways. Each of these five is a picture of the molecule of a diffiteni substance* 



Carbon the Ufegiver 599 

two kinds of atoms. These hydrocarbons (not the same as 
carbohydrates!) arc of three chief types. First, the ones that have 
straight chains where the carbon atoms arc linked to each other 
by a single pair of electrons. These are called the paraffin hydro- 
carbons. There arc an enormous number of these. Page 598 
shows that a molecule containing six carbon atoms and fourteen 
hydrogen atoms can be linked up in 5 different ways; while a 
molecule containing thirteen carbon atoms and twenty-eight 
hydrogen atoms can be made up in 802 ways. Doubtless, 802 
different oils of formula could be made if enough organic 

chemists worked at the problem for long enough, but as they 
would only differ in boiling point and freezing point by a few 
degrees and in density by a few parts per thousand, the work 
will not be done till there arc more organic chemists and fewer 
problems for them to tackle. These 802 ‘‘isomerides” (as wc 
call compounds with the same set of atoms difii^ently arranged) 
of formula CijHjg are all called tridecanes, thou^ we have exact 
ways of naming each one so as to define the arrangement. 

The four simplest hydrocarbons are all gases. They include 
methane, CH4, the firedamp found in mines, ethane CgH#, pro- 
pane QHg, and butane €41^10, and are all found in natural gas 
(p. 228), which is an important fiiel in the U.S. A. 

The next five arc liquids much like petrol, which (p. 233) 
contains a good deal of them. They are called pentane (CjHij), 
hexane (C4H14), heptane (QHjj), octane (CgHig) and nonane 
(CgHag), and each of them, like hexane (p. 598) can exist in 
several different forms. The next seven (CxoHjg to C14H34) arc 
contained in petrol, paraffin oil and gas oil. The remaining 
paraffin hydrocarbons with more than sixteen carbon atoms arc 
waxes. Paraffin wax — candle grease — is a mix-up of paraffin 
hydrocarbons with twenty or so carbon atoms. The biggest 
hydrocarbon molecule has a chain of sixty carbon atoms. 

These hydrocarbons arc used as fuels as wc have already seen 
(p.233)and paraffin wax has varioususcs— as an insulator, for water- 
proofing paper, etc. — but they arc rather inert substances on the 
whole, lliey are very little affected by chemicals and the chemist 
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does not bother much with them. The gas ethylene deserves a 
passing glance. It has the formula €^4, its two carbon atoms 
linked by two electron pairs, thus: 
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/\ 

H H 


H H 
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II 
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H H 


as it is commonly written. It is not very important in itself, but 
this double link comes in many important compounds. There 
are a great many other hydrocarbons with straight chains and 
double links, but they are not important. 

Acetylene CJHi, has its carbon atoms linked by 3 electron pairs. 
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Tlus arrangement is one which is unstable, probably because the 
elearons in the 3 pairs repel each other, and their orbits, like 
bent bows, have a great store of energy. The result is that 
acetylene is very reactive— combining with most things — and 
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that when compressed it is a high explosivel It is cot safe to 
send it about compressed into cylinders like oxygen or hydrogen. 
Instead, it is dissolved under pressure in acetone just as carbon 
dioxide is dissolved imder pressure in water to make soda-water. 
Acetylene has some com- 
mercial importance because 
when burned in oxygen it 
gives an intensely hot flame 

by means of which steel 'WW*— B 

can be welded. Fig. 364 

shows an acetylene blow- F*®- >64-— The Qn<«cetylene blowpipe, 
pipe. Acetylene enters at B, / 

oxygen at A. It would be most dangerous to store mixed oxygen 
and acetylene: in the blowpipe they are only mixed the moment 
before they bum at the nozzle. 

Everyone knows that acetylene is made frmxi calcium carbide 
and water. Gdcium carbide itself is made in ntther an interesting 
way. Coke and lime are fed into a furnace through which a big 
electric current flows. Coke conducts electricity and is heated 

white hot by the current; 
the liquid calcium carbide 
runs out at the bottom of 
the furnace. 

The calcium carbide is 
not by any means pure 
and it is the traces of 
other gases like phos- 
phorus hydride and silicon 
hydride that make acety- 
lene smell so Ibul. The 
pure gas has not much 
smell, and what it has is 
not unpleasimt. When it 
is made on the large scale the odorous gases ate taken out by 
means of chemicals which combine with them and not with 
acetylene. 



Fig. *65. — White hot coke (carboo) and lime 
(calcium oxide) change into calcium car> 
bide and carbon monoxide. 
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Carotene, the orange-yellow substance in carrots 

Fig, $66. — The molecules of some of the hundreds of thousands of 
ring-compounds of carbon. Most of these rings are made up ol 6 
atoms, but one example of a 4-ring is shown. 



Carbdn the Ufegjper 6o| 

Hie majority of hydrocarbons have rings of carbon atoms. 
Rings of 3, 4, 5, 6, 7, 8 or more carbon atoms ate known, but riie 
ring of 6 is overwhelmingly the commonest. It does not seem 
cleat why 6 is commoner than 5, but if you remember that the 
electron pairs which link carbon atoms are inclined at 109® to each 
other, it is not very diiEcult to see that in the 3 and 4 membered 
tings the links must be pulled out of their usual place, while in the 
bigger ones they can take their natural positions, particularly 
if the rings are “buckled." The most remarkable ring molecules 
have a “skeleton" consisting of as many as fifteen carbon atoms 
strung into a loop. These are found in the perfumes civet and 
musk, which are derived from animal glands, and which ate 
extraordinarily permanent. The scent of vegetable oils leaves 
a garment in hours, that of musk only in months or 
years. 

If the carbon atoms are linked into rings by single pairs of 
electrons, we get what ate called polymethylenes; these ate 
contained in petrol. If they have alternate double and single 
links, we get the very important hydrocarbons we call “aromatics." 
The chief of these are benzene with a ting of six carbon 
atoms, and toluene, which is the same with a CH, group 
hanging on. 

Benzene and toluene are used (under the name of benzol) as 
a motor spirit and all sorts of important chemicals are made 
from them. Naphthalene (moth balls) has a pair of benzene rings 
fused together; it is made into all sorts of important dyes, as is 
anthracene, with 3 such rings and many other hydrocarbons 
with still more. All these ate extracted by distilling coal-tar — a 
process we will talk about later. 

The hydrocarbons we have mentioned are all colourless or 
white. Some arc liquids, some are solids. They mostly burn very 
easily and well with an extremely smoky flame. 

A group of hydrocarbons wUch deserve a mention ate the 
terpenes from which a great number of perfumes are derived. 
They are all made iq> of the chain of atoms 
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repeated twice, three times or mote with slight variations. 
Turpentiae, oil of lemon, eucalyptus, mint, camphor, the per- 
fumes of orange blossom, roses, Ulac, bergamot, are aU variations 
on this theme. Pure oil of lemon (limonene) has the structure 
shown in Fig. 366 and can quite easily be seen to be made up 
of two of these five-<arbon chains joined. If this five-carbon 
group is linked up a sufficient number of times, we get that 
extraordinary substance indiarubber, which apparently consists 
entirely of very long tangkd chains of carbon and hydrogen atoms 
rather like a pile of spaghetti. When it is stretched, &e chains 
are at least partly straightened, when released they go back to 
the old position again. 

Another odd lot of hydrocarbons are the carotenes, the sub- 
stances which make butter and fiowers and carrots yellow and 
tomatoes and rose-hips and boiled lobsters red! They have long 
straight chains containing a great many double linkages like that 
in ethylene. The more of these there are in a oaolecule, the deeper 
as a rule is its colour. Like other hydrocarbons, carotenes do not 
dissolve in water. If you look at any dish containing tomatoes 
and oil or fat, you will notice that the orange red lycopene from 
the tomatoes cfissolves in and colours the oil or fat, but not the 
watery part of the dish. 

The hydrocarbons have only carbonandhydrogenindiem. They 
ate in a sense the fimdamental substances of organic chemistry 
because the organic chemist can make a great many of his com- 
pounds by turning out one or more of the hydrogen atoms and 
putting in other atoms or groups in its place. Thus, we can take 
ethane and instead of one of its hydrogen atoms put a chlorine 
atom or an — OH (hydroxyl) group or, indeed, almost any groi^ 
of atoms which can be linked by a single electron-pair. Thus, 
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we can get ftom ethane the following (though in actual fact thete 
are much better ways of making them). 
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From benzene we can get: 
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(Carbolic acid) 


So every hydrocarbon (there are thousands known and millions 
possible) provides a host of “derivatives” with molecules having 
the same skeleton of carbon atoms but different groups of atoms 
attached to it. • 

One of the simplest classes of derivative arc the chloro-com^ 
pounds which ate hydrocarbons with one, some or all of their 
hydrogen atoms replaced by chlorine atoms. You can make 
them by bubbling chlorine gas through the liquid hydrocarbon 
under the right conditions, but a better way is often to start from 
the hydroxyl compound. 
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Let us glance at a few of these chloro-compounds. They are 
mostly colourless liquids or solids like the %drocarbons, but 
instead of smelling Uke petrol as do most hydrocarbons, they 
smell like chloroform or have sharp smells which irritate the 
nose. There arc a few quite important things among them. 

Chloroform, still used to-day as an anaesthetic in spite of 
the invention of scores of others, is the most important of 
them. It is methane in which three hydrogen atoms have been 
replaced by chlorine. Chlorine and methane when mixed produce 
it, together with some other similar compounds, but the best way 
to get it is cautiously to warm bleaching powder with water and 
alcohol or acetone. 
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Nobody quite knows why the vapour of chloroform makes a man 
lose consciousness. It is thought that it may dissolve in the fatty 
sheath of the nerves. Ethyl chloride, the formula of which is on 
p. 605, is sometimes used as an anaesthetic, and a good many of 
these chloro-compounds act in the same way, but most of them 
are too poisonous to use for this purpose. 

If all the hydrogen atoms in methane ate replaced by chlorine 
we get ano&er interesting compotmd — carbon tetrachloride 
CCI4 which has a variety of uses. It is a clear liquid with a heavy 
smell like that of chloroform. It easily turns into vapour and it 
won’t bum. 

This makes it ideal for fire extinguishers. When it is thrown 
on a fire, it boils and turns into a heavy vapour which “blankets” 
the fire and prevents oxygen getting to it It is very good for 
small petrol fires. Petrol floats on water, so it is useless to throw 
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watet on a petrol firel Gu;bon tetrachloride mixes with the 
petrol and its vapour puts it out. 

It is very good stuff for cleaning clothes. It dissolves grease 
or oil and unlike petrol it cannot he set alight. Many deaths have 
been caused by cleaning clothes with petrol in front of a fire. 
Carbon tetrachloride is rather poisonous, but for that very reason 
it has proved an enormous blessing to tropical races, for, as 
described on page 973, it has proved to be an almost perfect 
way of killing the hook-worm which lives in their intestines and 
ruins their health. 

Many of these chloro-compounds are useful and familiar to 
chemists, but only one or two teach us in our daily lives. Mustard 
gas (which is not a gas but a liquid) unfortunately may be one of 
these; it contains both chlorine and sulphur. Its formula is: 


H H H H 



H H H H 


and its name is dichlorodiethyl sulphide. It is two molecules 
of ethyl chloride (p. 6oj) with an atom of sulphur taking the 
place of atoms of hydrogen from each. No one knows exactly 
why the vapour of this liquid will irritate the skin until it rises 
into blisters and sores. It causes great suffering and the sores 
are very slow to heal, but the proportion of recoveries to deaths 
is very much greater than with chlorine or phosgene. * 

Poison gas is not entirely warlike in its use. Much loss is 
caused by the roof-beams of old buildings being attacked by 
various wood-boring beetles. These remarkable creatures manage 
to live and increase on a diet of dry wood, and since they inhabit 
the tortuous tunnels they have driven in the beams, the only 
way to get at them is to poison them by some vapour, which is 
usually a mild form of poison-gas. The means used to eradicate 
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them from the ancient timbers of the roof of Westminster Hall 
was a spray of a mixture of 


H H 
C-C 

/ \ 

paradichlorobenzene, Q — C C — Q 
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C=C Cl H 

H H C— C 
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\ / 
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ALCOHOLS 

The chloro-compounds are mostly death-dealers — for anaes- 
thetics, though agents of mercy, in rather stronger doses are 
poisons. The hydroxy-compounds, with one or more — OH 
groups substituted for the hydrogens of hydrocarbons, are many 
of them foodstuffs. The chemist calls these compounds alcohols, 
thf>»gb most of them have little resemblance to the alcohol we 
know. They include such important substances as ordinary 
alcohol, glycerine, starch, sugar, and cellulose. Some of them, 
such as wood-alcohol (methanol) and hydroxy-benzene (carbolic 
add) are poisonous, however. 

The organic compounds with the — OH group in them are 
very nnlike the hydrocarbons and chloro-compounds. They are 
not (^y or waxy substances like petrol or candle grease, but are 
liquids or solids which mostly dissolve or mix easily in water, 
which attracts their — OH group: alcohol, glycerine, sugar and 
gum ate examples of this. 

The organic chemist gives the name alcohol to the compounds 
which result when the group of atoms — OH is put in the place of 
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one or more of the hydrogen atoms in a hydrocarbon molecule. 
Thus the molecule of ordinary alcohol (ethyl alcohol) is that of 
ethane with an — OH group put instead of one H atom. 
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The simplest alcohol is methyl alcohol (methanol, wood spirit) 
which is made in great quantities by passing water-gas — carbon 
monoxide and hydrogen — compressed to 1,500 to 3,000 lbs. 
per sq. inch over a catalyst of zinc chromite kept at 400® C. A 
mixture of alcohols — mainly methyl alcohol— results. As methyl 
alcohol is poisonous and undrinkable, it ptys no duty, so in 
industry it is used for all sorts of purposes, varnish making, etc., 
where “spirit” was formerly employed. 

Ethyl alcohol is the most famous of chemical substances. 
Every nation and tribe, civilised or otherwise, some of the 
strictest Mahommedans alone excepted, makes a weak and impure 
mixture of alcohol and water in the form of wine, beer, sak6 or 
the like, and most semi-civilised peoples distil these and get 
a stronger mixture of alcohol and water — spirits. 

The way in which the weak mixture is made into pure alcohol 
has already been described (on pp. 537-359), but the process of 
fermentation by which sugary solutions are turned into alcohol 
is very interesting. All the various alcoholic drinks in the world 
start firom sugar or starch. A fruit or sap contains s'ugar; a seed 
contains starch. Now yeast, a minute single-celled plant rather 
like a bacterium, has the gift of changing sugar into alcohol, but 
will not deal with starch, so if you want to make alcohol firom a 
starchy material, you must turn the starch into sugar. This is 
not difficult. If a seed is allowed to sprout, it changes its own 
starch into sugar. When barley is turned into beer, it is soaked 
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and left to sprout. By the time it has just begun to put out its 
spike and roots, it has turned all its reserve starch into a kind of 
sugar, in readiness to feed the young plant. The brewer now 
kills it by drying it and it is called malt. If this malt is boiled 
with water, it gives a weak solution of malt-sugar, which when 
cool enough can be fermented. If the starch is not in the form 
of a seed, it must be turned into sugar otherwise. The Pacific 
islanders sit in a circle and chew their starchy cassava and spit 
it into a big bowl. Saliva contains a digestive “enzyme,” amylase, 
which turns the starch into sugar which can then be fermented. 
The drink is very good, but Europeans feel a Uttle doubtful 
about it! Our civilised method, used when spirit is made from 
potatoes, is to boil these with a little sulphuric acid which is later 
removed by adding chalk. 


ALCOHOLIC LIQUORS 


From Sugaf 


Uquor 
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Wine 

Grapes 

Oder 

Apples 

Perry 

Pears 

Mead 

Honey 

“Wash” for making Molasses 

into rum 
Koumiss 

Mare’s Milk 


Process 

[ Pressing out juice and 
I fermentation. 

\ Diluting with water 
i and fermentation 

Adding old koumiss 
(containing the 

yeast) to fresh milk, 
warming and 

bottling. 


Beer 


From Starch 

Barley (in some Sprouting, boiling with 
countries other water and fermenta- 

secds) tion of the liquor. 
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From Starch — continued. 


“Wash” for making Potatoes into Boiling with acid, ra 

me±ylated spirit moving acid by 

chalk; fermentation. 

Sak6 Rice Boiling. Treatment 

with a mould and a 
peculiar yeast. Pro- 
duct thinned with 
water & fermented. 


The actual process of fermentation is done by the yeast plant. 
Yeast is a mass of tiny living cells — ^Plate XXVII shows what it 
looks Uke under the microscope. Fruit juices will keep for years 
if all yeasts (or bacteria or moulds) are kept out. Bottled fruit 
is a good example. The fruit and water are put in the bottles 
and heated to boiling. This kills all living things and the bottles 
are closed up while still boiling so that no living cell or spore 
can enter. If this has been properly done, they will keep for 
ever. Now if any sugary liquid is bottled up in this way, it 
remains as sugar; but if a cell of yeast enters — often from the 
air — ^it starts to grow. It buds off other cells and these bud off 
more, so that in a matter of days a single cell becomes a miUion. 
Men and animals get energy by making the sugar (glucose) in 
their blood and muscles combine with the oxygen of the air 
and make the carbon dioxide, which we breathe out, and water. 
But the yeast plant needs no oxygen and can flourish happily in 
a closed champagne bottlel It gets its energy by breaking glucose 
into alcohol and carbon dioxide, a process which jthe chemist 
cannot perform at all without the yeast plant^s help. The process 
is rather complicated, at least four intermediate substances being 
produced. 

Each molecule of glucose has six carbon atoms, twelve hydro- 
gen atoms and six oxygen atoms; these are sorted out into two 
dcohol molecules (each with two carbon, one oxygen and six 
hydrogen atoms) and two molecules of carbon dioxide. 
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The most obvious thing to the eye about fermentation is the 
appearance of vast numbers of bubbles of carbon dioxide. The 
word “fermentation” means “boiling,” and is taken from this. 
In some stages in the making of beer the froth of carbon dioxide 
bubbles can be very clearly seen. 

Alcohol is chiefly used as a drink, and as people want it so 
much that they ate willing to pay anything for it, the Government 
taxes it more heavily than any other substance. A pint of the 
purest alcohol costs ayr., the duty on it is no less than 16^. 
As a concession to the manufacturers who do not want to drink 
alcohol but want to use it industrially for various chemical jobs, 
it is sold duty free as methylated spirits, which is a mixture of 
about 85% alcohol with about 11% of water and 4% of methyl 
alcohol which renders it rather poisonous. The methylated spirit 
sold to the public is even more impure. It contains about 80% 
of alcohol with methyl alcohol, petroleum, bone oil and a blue 
dye which together make it poisonous and evil-tasting. 

When an alcoholic beverage is drunk, the alcohol very quickly 
passes into the blood. It is definitely a food, for the body can 



Carbon tbt Ufepoer 615 

oxidise it aad use its energy; moreover, it is a food which needs 
no digestion. However, its consumers do not take it as a food. 
They drinkit because of its effect on the nervous system. It gives a 
feeling of well-being; worries and cares are forgotten; one’s conver- 
sation and that of one’s tiiends becomes freer and appears to be 
brilliant; pain vanishes. As intoxication increases, the power to do 
anything accurately or to think clearly disappears. Next, the control 
of the muscles goes; the alcoholic may see double because he cannot 
direct his eyes. He staggers in his walk and finally collapses. There 
appear to be no permanent ill-effects unless considerable quantities 
of alcohol are drunk, but the chronic soaker usually dies young. 

Alcohol seems to be much the least harmful drug used by ^e 
human race, which, overwhelmed by cares, is always seeking to 
forget them. Cocaine, opium, hashish, mescal — all have their 
devotees, but alcohol is humanity’s dangeious but sovereign 
remedy for the malady of thought. 

Alcohol dissolves a great many oily and filtty substances which 
water will not. It is therefore used to dissolve perfumes and 
drugs — ^for this, pure alcohol is needed — and also resins and gums 
to nuke quick-drying varnishes. Itis also madeinto various chemi- 
cals of which chloroform and acetic acid are the most important. 

Some alcohols have two or three or more hydroxyl groups. 
Glycerine is one of these. 

Glycerine or glycerol as the organic chemist calls it has three 
hydroxyl groups: 
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A hydroxyl group has a certain amount of attraction for its 
neighbour in the next molecule: a consequence of which is that 
glycerine molecules hang together, and it has a rather high 
boiling point; since water has also — OH groups, it attracts the 
glycerine molecules and so glycerine mixes easily with 
water. 

Glycerine is a by-product of the soap industry which we will 
talk of later. It has one or two interesting uses. A mixture of 
glycerine and water freezes at a lower temperature than is ever 
likely to be reached in an English winter; consequently, crude 
glycerine is often mixed with the water of the radiator of a car 
to prevent it freezing and so bursting the pipes. Many other 
substances could be used instead of glycerine, but they are all 
either poisonous or expensive or inflammable or corrosive to 
metal. Glycerine has such a high boiling point that it does not 
evaporate, so that anything which is to be kept damp and flexible 
may be treated with it. An interesting use of it is in the making 
of nitroglycerine, the explosive, of which we shall have some- 
thing to say later. 


CARBOHTDRATES 

Sugars and starches ate called carbohydrates. They have large 
molecules and many hydroxyl (OH) groups, and so can be called 
alcohols. They are very diific^t and sometimes impossible to 
make by laboratory methods, but all plants make starch or sugar 
with consummate eate and we have no teal idea how they do it. 
A green plant (white plants like mushrooms can’t do it) takes in 
water by its toot and carbon dioxide through its leaves. Certain 
tiny green bodies called “chloroplasts” contained in the cells of 
the leaf use the energy of the daylight to turn carbon dioxide 
and water into sugar and oxygenl The diagram shows that this is 
quite possible, but to a chemist the process seems amazingly 
unlikely. He has tried to imitate it in his laboratories, but so 
little sugar can be made in this way that a great many chemists 
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are doubtful whether those who claim to have made a few grains 
of it from carbon dioxide and water are not mistaken. 
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The green pigment ‘^chlorophyll” can easily be dissolved out 
of leaves by soaking them in alcohol. It is a mixture of two sub- 
stances, chlorophyll-^ and chlorophyll-^^; we know how the 
molecules of these are built up, but this disappointingly tells us 
nothing about the way it makes sugar. It is generally believed 
that chlorophyll outside the leaf won’t make any sugar for us; 
if so, the mysterious living proteins contained in the chloro- 
plast have a finger in the pie. If we could once find out how the 
leaf makes sugar and starch, we could make much of our food 
without the trouble of growing it. But I am afraid the problem 
is not likely to be solved till we know rather more about the 
proteins. 

There are dozens of different sweet substances with molecules 
much like that of glucose; to these we give the general name 
of sugars. 

GIucosb is easily made from starch by boiling it with acids. It 
is the perfect energy-giving food, because it needs no digestion 



6t6 


Tie World oj Science 



but passes straight into the blood 
where it is needed. It is much used 
as a cane-sugar substitute in jams, 
sweets, etc. Now that it can be 
made in a very pure condition, there 
is no reason at all against its use as 
a food. Honey is chiefly glucose. 

"Fructose is a sugar contained in 
fruits; it is even more easily digested 
than glucose. Dahlia tubers and 
Jerusalem artichokes contain a sort 
of starch called inulin which breaks 
down into fructose. This breaking 
down is not easily accomplished by 
the human digestive organs, so inulin is not easily utilised as food. 

These are the two simplest sugars. Three rather important 
sugars have molecules rather like two glucose molecules hitched 
together. They are cane-sugar or sucrose, of which the world 
yearly eats 2z,ooo,ooo tons; maltose, the sugar in malt; and lactose, 
the sugar in milk. The last two need only just be mentioned as 
examples of sugars other than cane-sugar. The ordinary sugar 
we buy in blue packets at a^d. a lb. has a complicated molecule. 


Fig. 567. — The molecule of 

f lucose. (Courtesy of 

lessrs* Edward Amold and 
Prof. Haworth, from the 
latter’s Constitution of tbi 
Stigars*) 
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It is so difficult to make it artificially that, though one Frenchman 
did it a few years ago, many expert chemists have been unable to 
repeat his experiments and feel in some doubt about the matter. 
Sugar is made chiefly from the juices of the sugar-cane and the 
sugar beet. Cane-sugar and beet-sugar are precisely the same 
stuff; if they taste at all different it is only because some impurities 
are left in tliem. There is not space in this book to describe more 
than one way of making sugar; as the sugar beet is the more 
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fiuniliar plant, we will describe the 
way it is made into sugat. Anyone 
can taste the sugar in an ordinary 
beetroot. By years of breeding and 
selection, a race of beetroot has been 
evolved which is white and contains 
up to 20% of sugar. Fields of 
sugat beet are now a common sight 
in England as ate the piles of roots 
waiting to be taken to the htctories. 

Fig. 569 shows a sugar-beet. Like 
ail plant tissues it is made of tiny 
compartments or cells (Ghapter 
XLI), each of which is distended 
with a sweet sap containing two 
pounds or so of sugar to the gallon. But tl»>se cells also contain 
slimy substances with big molecules, “perfns,” which would 
make it difficult to crystallise the sugar from the juice. 

The manufacturer’s problem is to get the sugar out of the cell 
and leave the pectins behind. He does this by taking advantage 
of the fact that sugar molecules, though large, are small enough 
to pass through the pores of the membrane round the cell; the 
pectins cannot pass through. Accordingly, he cuts his beetroot 
into “cossettes” like so much vermicelli and lets them soak in 
many changes of water. The sugar diffuses out of the cells into 
the water and the manu&cturer has now only to decolourise the 
solution with charcoal (p. 589) and evaporate off most of the 
water in order to get the sugar to appear as crystals. 

Starch is one of the most important foods; indeed, it is the 
chief food of man. Wheat, potatoes, rice, sago, tapioca are mainly 
starch together with some nitrogen compounds which greatly 
increase their food value. Starch has a big molecule made up of 
some twenty glucose molecules all linked together in the same 
sort of way as the two halves of the sugat molecule on p. 616. 
When it is digested (or boiled with acids) these molecules come 
apart and first malt-sugar and finally glucose are produced. Starch 



Fio, 3^69. — A sugar-beet. 
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is the substance which most plants store upfot future consumpdon. 
The starch m wheat is put there to nounsh the young wheat 
plant; in the tuber of the potato it is ready to push the next year’s 
plant into rapid growth. Most large fleshy roots like carrots, 
parsnips, beet, ardchokes, etc., are plant storehouses full of 
sugar, starch or inulin. The starch is stored as dny granules 
which, greatly swollen, are easily visible in a boiled potato. If 
these granules are boiled a slimy soludon results — called starch- 
paste — ^much used for pasting up wall-paper, stiffening linen, 
coating paper, etc. Gums are probably not unlike starch but 
denved from other and simpler kinds of sugar. 

We have seen that twenty or so molecules of glucose can link 
together into a big molecule of starch. The plant can do better 
than this, for it makes its strong framework of fibre out of 
cellulose which has a huge threadlike molecule of about 200 



Fig. 370. — ^Fout “units’* — about a fiftieth— -of a cellulose moleculet 
represented about 30,000,000 times natural size. The whole 
molecule repiesentea on this scale would be ten feet long. 

glacose molecules hitched end to end. Paper, linen, string, jute, 
coconut fibre, wood, all owe their strength to cellulose. Figure 370 
gives some idea of about a fiftieth part of its long threadlike 
molecule, which may be about 2000 A.U. (one five-thousandth of 
a millimetre) long and only about 7.5 A.U. wide. The actual 
fibres you see with a microscope (Plate XXXVIII) are bundles of 
these tiny microscopic fibres held together by the attraction of 
their many — OH groups. This makes a cellulose fibre little less 
strong than a steel wire, for to pull its tiny fibres apart one must 
overcome the attraction of countless millions of molecules for 
each othst. 
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The uses of cellulose fibres are countless. They are beaten and 
tom into little bits and felted together to make paper. They are 
twisted into cotton or linen yam and spun into clotih, an industry 
the importance of which may be measured by the fact tliat 
Great Britain alone exports some £140,000,000 worth of cotton 
goods every year. But as chemistry is chiefly concerning us 
now, we must say something about the new way of using cellulose 
by turning it into artificial silk. There are at least four ways 
of doing this. All of them depend on dissolving the cellulose 
in something to make a sticky solution and drawing this out 
into very fine threads which are smooth and brilliant like silk 
threads. Real silk is entirely cMerent chemically, for it is a 
compoimd of carbon, hydrogen, oxygen and nitrogen atoms. 
Cellulose contains no nitrogen and the likeness between real 
and artificial silk is simply that both are made of fine smooth 
transparent fibres like tiny threads of glass. Cotton and linen 
fibres are flat and twisted and so look entirely different when 
woven. 

Most of the world^s artificial silk is made by the Viscose 
process which has the merit of great cheapness, though other 
processes are considered to produce a finer product. The starting 
material is bleached wood-pulp. It is soaked in 17% caustic soda 
solution and after some hours treated with the evil-smelling 
volatile liquid bisulphide of carbon. The result is a orange- 
coloured gelatinous mass, which can be dissolved in caustic soda 
solution, so forming a thick viscous solution of cellulose. This is 
spun by forcing it through very fine jets into a solution of dilute 
acid. The acid neutralises the caustic soda and so turns the 
issuing viscous liquid back to solid cellulose. This is treated to 
remove traces of sulphur, bleached, washed, and spun ixito yam. 

The true carbon ring compounds (the sugar ring has an oxygen 
atom in it) include several important hydroxy-compounds. 

Phenol (carbolic acid) is benzene with a hydrogen atom re- 
placed by an OH group. The developer hydroquinone has two 
hydroxyl groups instead of one and pyrogallol (‘^pyro”) has 
three. These developers work by taking oxygen from the water. 
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leaving hydrogen which turns the silver bromide into hydrogen 
bromide and silver. 

G>al-tar contains much of the hydroxy-compounds, phenol and 
cresol, which are very useful disinfectants, and this is perhaps a 
good place to say something about the way coal-tar is made into a 
number of usehil diings. Tar, you will remember, is die stuff 
which condenses out of coal gas. It is a black strongly smelling 
liquid containing a great number of different things. All large 
gasworks distil their tar and turn it into: 

(1) Beteiene and toluene, used as motor spirit and for making 
dyes and drugs. 

(2) Creosote (contaming cresols and phenol), used for preserv- 
ing wood and for making disinfectants. 

(5) Naphthalene, used as a soil disinfectant and as a source of 
dyes. 

(4) Anthracene, used to make dyes. 

(5) Pitch, used for making roads. 

The table on p. 621 will give some notion of the kind of sub- 
stances which can be made from it. If it is added that a recent 
list of dyes contains 1 1,000 items almost all made from coal-tar, 
the importance of the industry may be even more apparent. 
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ALDEHTDES AND KETONES 

We have not space even to discuss all the most important 
groups of organic compounds. The aldehydes and ketones will 
^ve to pass with a very brief mention. Ketones have one 
oxygen atom put instead of the two hydrogen atoms on a carbon 
atom in the middle of a chain; aldehydes have the oxygen atom 
in place of two of the hydrogen atoms on a carbon atom at the 
end of a chain. The only hunihar ketone is acetone, which has 
already been mentioned as a solvent for acetylene. Its molecule 
is 


H O H 

I li I 

H— C— C— C— H 

I I 

H H 


It is a very useful solvent, for it dissolves much the same things 
as alcohol; it is cheap and pays no duty, it has only a slight 
and rather pleasant smell and it is volatile, boiling at 56° C, and 
so is easily removed by evaporation. It is made by distilling 
calcium acetate, made from lime and crude acetic acid. 

One of the aldehydes is perhaps more femiliar. The simplest 
one, formaldehyde, has a very simple molecule indeed 


O 

II 

H_C— H 


It is made by passing the vapour of methyl alcohol mixed with 
ait over hot copper or platinum. 
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H H H H 

I I I I 

H— C— OpH Hp— C— H H— C=0 + 0=C— H 

1 1 +0—0+ J \_ 

] H H^l + H-OH + H-OH 

Mcdiyi alcohol and oxygen give formaldehyde and water. 


It is a gas — ^probably because its molecule is so small — and it is 
sold as formalin, a 40% solution in water. It is a curious sub- 
stance. First of aU it has a hardening effect on proteins — 
animal tissues. No one quite knows how it works, but a piece of 
meat or gelatin soaked in it becomes tough and leathery and will 
not decay. Bodies for dissection are stored in formalin. It is a 
useful disinfectant probably for the same reason: it combines 
with the living protein of bacteria and renders it incapable of the 
reactions which must accompany life. But the most important 
use of formaldehyde is in making what are called “plastics”— 
strong and tough substances which can be moulded into any 
shape. The most familiar is bakelite — so much used for wireless- 
set cabinets, electric light fittings, etc. It is made from formal- 
dehyde and phenol (carbolic acid), whose molecule is shown 
on p. 605 . These link up when heated into meshworks of “phenol 
ring-molecules” joined by formaldehyde “link-molecules.” After 
a certain amount of heating, a material rather like sealing-wax is 
obtained, the molecules of which are not too big to melt. This 
can be softened, moulded into electric light fittings, cigarette 
holders, fountain-pens and a thousand other articles. These are 
then heated in the moulds. The process of linking up continues 
in the mould, and a hard, strong object, quite unsoftened by 
heat, finally results. It is this power of being able to mould 
bakelite and then harden it, which makes it so useful. Sometimes 
a sandwich of alternate layers of bakelite and paper is used. 
The paper is invisible within the finished article^ but its fibres 
make the bakelite very tough. Many substances can be used 
instead of phenol. Some of them yield transparent or translucent 
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xnaterials— familiar as the bright coloured unbreakable cups and 
plates we can buy so cheaply. 

Many aldehydes have very powerful smells. Worth mentioning 
is acrolein which gives the irritating smell to burnt fat. Fat 
contains glycerine. 


|OH 

H— C-H 

H— C— H 


1 

II 

HOH 

H— C-OH — ► 

CH + 


1 

1 

HOH 

H— C— jH 

1 

C— H 

II 

0 


OH 



and this turns into acrolein and water when heated. Pure acrolein 
has a really appalling smell! 

Benzaldehyde is oil of bitter almonds, cinnamaldehyde is oil of 
cinnamon; they have rather similar molecules: — 


H 

H 

c 0 

C 

/ \ II 

/ \ 

HC C— C— H 

HC C-C=C-C =:0 

1 III 


1 III 

1 H H H 

HC CH 

HC CH 

\ / 

\ / 

C 

C 

H 

H 

Benzaldehyde 

Cinnamaldehyde 


ORGANIC ACIDS 


Organic acids are an important class: almost all of them 
contain the group of atoms 
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O 

II 

— C— OH 


Almost the simplest is acetic add, which is the add in vinegar. 
It is made in great quantities — 6rst, as vinegar: secondly, for 
making into acetone. Vinegar, in England, is made by “souring” 
a malt liquor like beer: abroad, by souring wine. This “souring” 
is simply changing alcohol and oxygen from the air into acetic 
add and water. This is not difficult to do in the laboratory: but 
on the factory scale, we employ a fungus mveoitrma aetti to do it 
for us. 

This lowly creature gets its energy by tusnhig oxygen and 
alcohol to acetic add, much as yeast gets its energy by turning 
sugar into alcohol and carbon dioxide 


H H 

I I 

H— C— C— OH 

I 1 

H H 

+ 0—0 ► 

H H 

I I 

H— C— C— OH 

I I 

H H 

Alcohol and oxygen give 


H O 

I II 

H— C— C 


I I 

H OH 
H O 

I II 

H— C— C 

1 I 

H OH 
acetic add 


+ 


H— O— H 
H— O— H 


and water. 


Vinegar made in this way is not only sour, but “also has a 
pleasant aroma. Commerdal acetic add, used for making 
chemicals, is made in a much cheaper way — by distilling wood, 
much in the same way as coal is distilled to make gas. 

Wood is chiefly cellulose. When cellulose (p. 6i8) is heated 
it changes into a variety of different molecules. The carbon, 
hydrogen and oxygen atoms re-sort themsdves and a dense 
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choiring wood-smoke comes off. When tliis is cooled it gives a 
liquid which oq standing separates into a brown watery liquid, 
chiefly a weak solution of acetic acid (5-10%), and a brown oily 
tar which sinks to the bottom. Much gas, chiefly methane, 
passes on and is sometimes used for heating. In the retort there 
remains charcoal. The acetic add can be recovered by re-distilling 
the liquid, for it boils at a temperature about ao° C. higher than 
the boiling point of water. Acetic add, when pure, freezes at 
1 5° C., so that it is liquid in summer, but in winter freezes to a 
substance which looks like ice. 


ESTERS 

A combination of an alcohol and an add is called an ester. 
Thus, if we boil ordinary alcohol with acetic acid (a little of any 
strong add helps things on) and then distil the mixture we get a 
fruity-smelling liquid called ethyl acetate 


H H 

I I 

H— C— C— lOH 
H H 

Ethyl alcohol 


and 


O H 


HO— C— C— H 

— i I 



H H H 

ethyl acetate and water. 


'fbese esters made from alcohols and adds usually have fruity 
or flowery smells, and are used to make flavourings and perfumes 
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that have never been near a plant. Thus a recipe for pear essence 
runs: 


Amyl acetate 

200 parts 

Ethyl nitrite 

100 „ 

Ethyl acetate 

50 » 

Alcohol 

645 


The first of the above, amy] acetate, is familiar nowadays. It 
has a most powerful odour of pear-drops — or, as some think, of 
bananas. Amyl alcohol differs from ordinary alcohol in having a 
j -carbon atom chain instead of a 2-carbon chain. It is a cheap 
substance, for in making ordinary alcohol by fermentation, a 
little amyl alcohol is made, too, and is separated in the distillation. 
From this and acetic acid this powerfully smelling liquid is made. 
The flavouring of sweets is the least of its uses, for it dissolves 
celluloid, giving a sticky liquid used for patching films, and also 
dissolves cellulose acetate and gives the numerous cellulose 
paints which are so popular. The cellulose paint is hard and not 
at all easily damaged by heat or grease or petrol. It is very easy for 
the amateur to use because it leaves a smooth surface without 
brushmarks. 

Other esters you may meet with are artificial jasmine and 
orange-blossom scents and the ‘‘pineapple” tear-gas, but the mbst 
important esters are the oils and fats. 


OILS AND FATS 

The acids with a — C— OH group tacked on to a long chain 

i 

of — CHg — groups arc very important because they are the 
chief thing in animal and vegetable oils, fats and waxes. One has 
only to mention butter, lard, tallow, suet, olive oil, linseed oil, to 
remind oneself of the vast industry built up on these. Oils and 
fats are combinations of glycerol with a long-chain acid. All 
natural fats are mixtures of several molecules, but as a fair 
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specimen we may take the fet “tristcaritt:" found to beef suet. 
Glycerol is 

H 

I 

H—C— OH 

I 

H—C— OH 

I 

H—C— OH 

I 

H 

and stearic add is 


OHHHHHHHHHHHHHHHHH 

II I I I I I i M I I i I I 11 I I 

HO— c-o<>c-c-c-c-c-c-c-c-c-c-c-c-c^ 

I I I I I I 11 I I I I I I I I I 

HHHHHHHHHHHHHHHHH 


They combine by their two — OH groups giving out HjO and 
linking up. So a typical fat molecule is a bunch of three long 
threads thus: 



Fzg. 571. — ^The molecule of the fat tritteacin. 
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This is obviously the sort of molecule that will not pack nicely 
into a crystal — so fats usually solidify to a confused muddle of 
small crystals, usually long and thread-like. Fats do not dissolve 
in water for the long chains have less attraction for water mole- 
cules than these have for each other (p. 81). 

We should be hard put to it to make fats without the help of 
animals or plants — ^it could be done but the material would be 
impossibly expensive. Fat and oil are storage materials which 
both animals and plants put by for a rainy day. Plants, more often, 
link up their spare sugar molecules into starch molecules, but 
sometimes, by a truly remarkable piece of chemistry, they turn 
them into fats. Animals store almost all their reserves as fat. 
To obtain these fats and oils from animals and plants is simple. 
We squeeze oils out of things with a powerful hydraulic press 
(Fig. no, p. 206). Seeds and nut kernels arc our chief sources of 
oils. Fats can usually be got by mincing the crude fat and boiling 
it. The fat floats to the surface while the membranes and so on 
sink. Another way of obtaining fat is to dissolve it out with some 
solvent like petrol. 

Oils and fats are used 

(1) For food, 

(2) For soap-making. 

(3) For lubricating. 

Most foods contain some fat. The foods which are nearly all 
fat are butter, margarine, and lard — to which, in many countries, 
should be added olive oil. Lard is pig-fat, best the fat which 
surrounds the kidneys. The less chemistry has to do with it, the 
better. Butter and margarine, however, raise some interesting 
problems. 

Milk as we have seen is a watery solution of a prStein, casein, 
and a sugar, lactose, and a little salt in which is suspended about 
4% of fat in very small droplets. The fat droplets in milk are 
separated from each other by the watery liquid. In making milk 
into butter we agitate the milk so violently that a fine froth of air 
and milk is produced. Now, it is the casein in the milk — a sort of 
gluey material which gives the firm consistency to cheese — 
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which by forming a layer round the fat globules, keeps them 
separate, But this casein is attracted to the surface of an air- 
bubble more vigorously than to the surface of a fat globule. 
Churning therefore takes away the protecting casein layer and the 
fat globules meet and stick together. But however much they are 
squeezed, they still enclose some water globules, and so butter 
is an emulsion of water drops in fat, as milk is an emulsion of fat- 
drops in water. If you have ever fried anything in butter, you will 
realise how much water it contains. 

We have bred cows to give incredible quantities of milk. 
A champion milker bos given its own weight of milk in 10 days. 
None the less, milk contains only four or five per cent, of fat, so 
butter remains expensive. Natu^y, there has been a great deal 
of money spent and made over margarine — a butter substitute. 

Much of the taste of butter is due to its being an emulsion, so 
margarine is an emulsion of a watery liquid in some edible fat 
flavoured and coloured to look like butter. 

Margarine is usually made from a mixture of fats and oils 
emulsified with milk. Coconut oil, palmkernel oil, beef fat, 
hydrogenated oil can all be used. The last is an interesting 
product. Many nutritious oils — ^such as fish oils — ^have a most 
unpleasant taste and cannot be used as food. If they are heated 
with a little finely divided nickel-powder and hydrogen gas is 
passed through them, they combine with the hydrogen and form 
odourless and tasteless fats. The nickel is removed by filtration. 
Whatever oils or fats are used must be most carefully refined and 
purified. The oil and fat are first churned with slightly soured 
skimmed milk to a thick emulsion of droplets of skim milk in 
melted fat. The emulsion is then run on to metal rollers kept 
freezing cold by brine circulating within them. The emulsion 
sets solid and is worked by kneading and rolUng till it is of the 
correct buttery consistency. Margarine need be no less nutritious 
dian butter, but it may well be less digestible and commonly 
contain a far smaller proportion of vitamins (p. 875). 

The second great use for oils and fats is in making soap. 
Soap is the sodium salt of the long-chain acids, which in fats and 
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oils arc combined with glycerine. So, the fat is first split into 
glycerine and these acids, which, by the way, arc su^ weak 
icids that you would not realise that they were acids at all. The 
splitting up of the fat«molecule can be performed in several ways; 
a usual method is to add a little lime and heat the fat with high- 
pressure steam in closed boilers. The fatty acids form an oily 
layer floating on the watery layer containing the glycerine. The 
melted acids are run into boiling caustic soda solution and form 
soap. This is mixed with perfume and colour (for toilet soaps) or 
soda (household soaps), cooled to set it, partly dried and stamped 
into bars or tablets. This is only one of half a dozen possible 
ways of making soap from fat or oil, and caustic soda. The 
peculiar behaviour of soap is partly due to the odd shape of 
its molecule, of which a diagram appears in Fig. 35, p. 93. 
The reason why it is so effective in cleaning things is because 
it lowers the surface tension of water. This makes it possible 
for water to wet greasy surfaces and so carry away the grease 
and dirt together. Thus, a soap solution is the only thing which 
will remove both greasy and sticky matter. 

Waxes are esters like fats and usually have very long molecules. 
They are harder than fats and do not melt so easily: this makes 
them suitable for polishes. They are mostly produced by insects. 
Paraffin wax is not a true wax at all but a hydrocarbon. 

The organic compounds we have discussed contain only 
carbon, hydrogen and oxygen, but many very important ones 
contain nitrogen as well. 


ORGANIC NITROGEN COMPOUNDS 

* 

Nitrogen in an organic compound usually occurs as the group 
of atoms — NHjj or — N02or — N==N — , though of course plenty 
of other groupings arc known. The — NH2 compounds arc 
called amines or amino-compounds. There are many of them, 
but we need perhaps only notice a few compounds which are 
vital to man and every living creature. These are the amino- 
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adds. Suppose in acetic add you put a — NH^ gtoup instead of 
one hydrogen atom, you would get the simplest amino-add 

H HO 

\ I II 

N — C — C — OH glycine by name. 

/ I 

H H 

Now the compounds which we would, above all, like to 
understand are those of which our blood, body and hi-aing are 
made, and without which no life at all can take place. These are 
the proteins. As examples, we may take albumen, of which white 
of egg is a solution, or keratin, wWch makes our hair and finger- 
nails, or haemoglobin, the red pigment of our blood, or rag^in^ 
the curd of milk. We should tmderstand quite a bit more about 
life if we could make models of these molecules which are 
essential to life. Well, much work has been done on rb>»m , We 
have a fair idea as to their size. The smaller ones may be about 
two thousand times as heavy and bulky as a water molecule. 
They are very difficult to purify because they do not evaporate, 
and most of them will not crystallise. What we do know about 
them is that when we break them up into simpler substances we 
finally get little, if anything, else than a collection of amino-adds, 
which all have a molecule like this: 

H HO 

\ I II 

N— C— C— OH 

/ I 

H 


in which B may be anything from a hydrogen atom to a big 
group like 
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About twenty diiferent amino-acids can be made from pro- 
teins. Now, amino acids link together in pairs like this; 


H,N 
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and the molecule you get is still an amino-acid which can link up 
to another dung like itself. When a dozen or so amino-acids have 
been linked together like this, the stuff you make is very like the 
things you obtain when you partly split up proteins by very care- 
ful digestion. 

A protein molecule then probably consists of long chains of 
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atoms linked thus: . . . CO — CH — ^NH — CO — CH — ^NH . . . 



etc. There are probably many of these chains linked together by 
a sort of loose attraction. The following 


NH CO CHR NH CO 
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Magnified about thirty million times. 

has been given as a reasonable arrangement for a protein mole- 
cule, the R’s being various big groups of atoms which in the 
scheme are supposed to stand out above and below the network 
rather like the bristles of a hair brush! 

Ordinary chemical methods are not very much use in dealing 
with molecules like proteins. We have only a hint or two about 
the way their molecules are arranged, and at present we have no 
technique by which we might follow these up. 

The method of crystal analysis by X-rays has very recently 
been applied to a few of the proteins that crystallise, and has given 
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The Wiclicza salt-mines. (Lef/) Mining the salt. {Kight) The Chapel of St. 
Barbara. Walls, decorations, chandeliers are all made of salt. 



A smoky and a smokeless town. {Above) Hanley. (By 
courtesy of The Times.) {Below) Barcelona. (By courtesy 
of W'ide World Pho/os.) 
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as a few valuable pieces of information of the very type that 
chemistry is least able to supply. Chemistry can teU us what are 
the bits from which the huge protein molecules are built up: 
X-ray analysis can teU us the outline or general pattern on which 
they are put together: the detailed arrangement — exactly where 
each bit goes — is still unknown to us, and is about the most 
important objective in science, for it would bring us close to the 
understanding of the chemical changes that accompany life. 

NITROCOMPOUNDS 

The compounds containing the group — -NOg arc a very 
different lot. They are chiefly dyes and explosives. There are two 

kinds of — NOg groups. One is — O — N= 0 , die other - Nf 

In cither case the things containing two or three of them are 
likely to be explosive. The reason is that these oxygen atoms 
are only loosely hung to the nitrogen atom, and when heated or 
violently shaken can get round the corner, when the carbon and 
hydrogen of the compound can burn in its own oxygen. 

Look at the formula of the famous explosive ‘‘T.N.T.’* 
trinitrotoluene. 

H 

[ 

O H— C— H O 

II I II 

N C N 

/ \ / \/ \ 
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O O 
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but tfacir variety was sroall and many of them faded badly. The 
organic chemist has now worked out pretty well the sort of 
combinations of atoms which give dyes, brightly coloured 
substances, which will stick firmly to the fibre of cotton, wool or 
silk or all of these. 

O 

/ 

He finds that the groups of atoms — N , — N =N — , — C — 


— C~C — and some others, particularly when several times 
repeated in a molecule, make it coloured, A ring skeleton of 
carbon atoms also helps. If, in addition to these we have an 
— OH or — NH2 gtoup, it will probably be a dye. Here is one of 
the simplest dyes, known as picric acid, 
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made from phenol and nitric acid. It dyes silk and wool a fine 

O 

/ 

yellow. Its colour is chiefly due to the — N groups. 

o 

Here is another, malachite green, which owes its colour diiefly 
to its alternation of =C — C=C — C= groups. 
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Indigo (p. 595) has several of 
these groups. It is interesting to 
note by the way that the red 
colouring matter in a carrot 
(p. 602) is not a dye. It is 
brilliantly coloured but has no 
— OH or — ^NHa group to stick 
it to the fibre. 

The process of dyeing is not 
merely soaking the fabric in a 
solution of the dye. If this is all 
that is done, most of the colour 
washes out again. 

There are three chief ways of 
dyeing, direct dyeing, mordant 
dyeing and vat dyeing. The first 
is the one practised in the home 
with the dyes we buy in packets. 
The other two require a good 
deal of skill, and are chiefiy 
done in the factory. The usual 
way of dyeing is to boil the dye 
with water, and often a little 
acid or alkali, and lower the 
damp material into it. It is boiled 
and stirred for half an hour or 


so and very often salt is put In which has the effect of driving the dye 
out of the solution on to the fibre. When fabric has been well dyed 
like this, no amount of washing will remove the colour, and the dye 
molecules are pretty certainly actually combined wiA the fibre 
molecules. Silk and wool are much more easily dyed than cotton. 

Mordant dyeing is a very ancient practice which goes back 
certainly as far as the Greeks. If you try to dye a piece of wool 
with a solution of cochineal, it is coloured red or pink, but the 
colour all washes out again; but if the wool is first soaked with 
chloride of tin and oxalic acid and then dyed with cochineal it is 
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dyed a beautiful fiery scarlet. The dye sticks to the tin compounds 
and these stick to the fibre, and no amount of washing will remove it. 

The most ancient dyes known are on some of the mummy 
wrappings, etc. from Egypt. In the British Museum, you can see 
Egyptian cloth dyed with indigo and still unfaded after 4,000 years. 

Indigo is a “vat-dye.” It is quite insoluble in water, so it is 
hopeless to try and make a solution of it in which to boil the 
cloth. So the trick is to remove some of the oxygen from the 
indigo and so turn it into a colourless substance, indigo-white, 
which dissolves in water. The doth is soaked in this and comes 
out white or yellowish. It is then hung up in the air. The 
oxygen of the air turns the indigo-white soaked up in the fibres 
back into indigo, and the doth turns blue as you watch iti The 
andent way of doing this was to cut down the indigo plant 
(woad was a sort of indigo plant), and let it ferment in tanks of 
water. The fermentation removed the oxygen, and the vat 
contained a crude solution of indigo-whitel The modern way is to 
use various chemicals to remove the oxygen. 

ALKALOroS 

There is a curious group of drugs and poisons mostly ex- 
tracted from the plants, called the alkaloids. They all have rings 
of carbon atoms with a nitrogen atom interposed. They have 
very powerful effects upon the nerves and arc mostly very 
poisonous. It is not very dear why they exist in the plant. 
Perhaps they prevent animals from eating them or perhaps they 
are just waste products. A short list shows how important they are. 
Alkaloid Plant Source Used for 

Nicotine Tobacco Poisoning plant pests. 

Atropine Deadly Nightshade Dilating the pupil of the eye. 

Hyosdne Henbane Causing unconsdousness or 

sleep. 

Cocaine Coca-plant Numbing the nerves locally. 

Quinine Cinchona-bark Destroying the malaria 

parasite. 

Emetine Ipecacuanha Curing dysentery. 
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Alkaloid 

Morphine 

Oxleinc 

Strychnine 

Aconitine 


Carbon the Ufo^er 

'Plant Sonret Used for 

Opium-poppy Dulling pain. 

„ Preventing coughing, etc. 

Strychnos bean Stimulant and tonic. Also 

destroying vermin. 
Monk’s-hood Local anaesthetic. 


They ate adl very poisonous — except quinine. A medicinal 
dose of atropine is about a quartet of a milligram of a 

grain), •while one five-hundredth of a gram of aconitine has been 
known to kill a man. All of them have very complicated mole- 
cules. The formula of nicotine (left) is quite a simple example; 
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that of strychnine (right) about as complicated as any. 

This glance over the organic compounds is very sketchy. 
A mere incomplete list of organic compounds, devoting only one 
or two lines to each, fills five volumes of 1,500 to 1,800 large 
pages. Every month, hundreds of new ones arc discovered. 
This little account has hardly glanced at them. Let us end it by 
thanking the organic chemist for almost all the drug? the doctor 
uses. Most of them he has invented. Some, like opium, which 
has been known for centuries, he has converted from unreliable 


and variable mixtures to pure drugs of exactly known strength. 
Some, like penicillin, he has extraaed from materials which were 
not known to have any medical use. But the majority of modern 
drugs he has brought into existence for the first time. 



CHAPTER XXIV 


Nitrogen the Food-giver 

NITROGEN AS FERTIUSER 

W E live b a vast sea of gas of which fout-hfths is nitrogen. 

For some not very obvious reason, nitrogen at ordbary 
temperatures is very inert and combbes with almost nothbg. 
The nitrogen of the air remains unchanged and bactive except 
when a lightning flash makes a stretch of air white-hot. Then, a 
little nitrogen and oxygen combbe and with the water of rab 
make nitric add. This soaks bto the soil and all soils contab 
a little combbed nitrogen in this form. The world, then, has 
b the air a vast supply of free nitrogen molecules. It has also a 



Fig. 375. — The carbon circulation. Plants take carbon 
from the carbon dioxide in the air. Animals eat the 
plants and return the carbon dioxide to the air via their 
lungs. Water supplies the necessary hydrogen and 
oxygen for organic compounds and the sun supplies t^ 
energy to build them up. 
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vast demand for nitrogen combined with other elements; this it 
requires for two chief purposes first, to fertilise the soil, secondly, 
to make dyes, explosives and drugs. 

First of aU let us look at the fertiliser question. For centuries 
men farmed the ground. They grew crops — wheat, hay, cabbages, 
etc. — and they and their horses and cows and pigs ate them. The 
crops contained sugar and starch and proteins — or putting it 
more simply, carbon, hydrogen, oxygen, nitrogen and phosphorus 
atoms. The crops took carbon dioxide from the air, and water 
from the rain, and light from the sun, and built these into sugar 
and starch and cellulose. When men and animals ate the crops, 
they breathed out the carbon dioxide and water into the air once 
more. Carbon, hydrogen and oxygen circulated everlastingly 
through air and plant and animal by the flfiotive force of the 
blessed sun. Nothing was lost except whed plants or animals 
were buried, and even then the loss was small and in course of 
aeons would be restored. You may call a halt here and ask what 
happened to the plants that were not eaten. All plants are eaten! 
If they are not eaten by an animal, they die and rot, or, in other 
words, are eaten by bacteria and turned to carbon dioxide and 
water in just the same way. 



Fig. 3734.— The circulation of nitrogen. Crops take nitro- 
gen from the soil. Man and beast eat the crops: their 
nittogen-rich excretions are returned to the soil once 
more. 



644 World of Stwu$ 

The ait contains a very large margin of carbon dioxide and 
man is always adding to it by burning coal and oil. It is not 
likely that food could fail for lack of carbon, but it is far other- 
wise with two of the essential food-elements, nitrogen and 
phosphorus. With a very few exceptions, plants cannot use the 
inert nitrogen in the air. When man is not disturbing the ancient 
equilibrium, thunderstorms and nitogen-fixing bacteria in the 
soil alone supply a minute pittance of nitrates to the ground. 
The rootlets of the plants, say grass, seek them out and cunningly 
combine their nitrogen into protein molecules. A rabbit eats die 
grass. He turns the plant proteins into rabbit proteins. All the 
nitrogen he does not assimilate he returns to the soil as urine or 
droppings. What he does assimilate goes back to soil when he 
dies and rots. The only way nitrogen is lost is by the work of 
some villainous bacteria which get their living by turning com- 
bined nitrogen into free nitrogen, but the loss by these is just 
compensated by the gain from the thunderstorms. 

So the wood or held or heath for hundreds of centuries kept 
its little store of nitrogen ever built and rebuilt into stem and 
leaf, flower and fruit, insect, bird and beast. 

Then man came to farm; and while he lived primitively, putting 
his refuse back into the soil, little harm was done. But as time 
grew on, great cities rose. To-day, thousands of tons of food 
representing perhaps 250 tons of combined nitrogen pour into 
London daily. That food is eaten. The nitrogen departs by only 
two routes — down the water-closet to the sea or in the hearse 
to be buried deep out of the plant’s reach, or to be burned 
wastefully in the crematorium, setting nitrogen free in the air. 
An acre of ground may perhaps contain a couple of tons of 
combined nitrogen, so London’s food is enough each day to 
rob a small farm of 125 acres of its fertility. 

The problem has been solved in three ways. First, the world 
spends the capital accumulated in the past. In Chile, on the arid 
coast between rite Pacific and the Andes, are vast deposits of 
sodium nitrate. No rain falls there, for the winds perpetually 
blow from east to west, and as they rise over the lofty mountains. 
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Fig. )74. — ^Modern man’s supply of okiogen. 


they deposit all their moisture. For this reason, these deposits 
(which are about as soluble as sugar) have never been washed 
away. No one knows how they came there, but they are probably 
the remains of huge masses of decayed seaweed cast up from a 
primitive ocean. This sodium nitrate (NaNOj) is somewhat 
purified and then shipped all over the world to restorfe the 
nitrogen the town dweller casts into the sea. There may be 
200 years’ supply of nitrogen in Chile; probably there is not so much. 

^OCTule coal lasts, we have nitrogen on tap. Coal is the remnant 
of ancient plants and the nitrogen of their proteins remains. 
When coal is burned in a fire or furnace, the nitrogen is wasted, 
for it goes back to the air as free nitrogen. But when gas is made, 
the nitrogen appears as ammonia (pp. 250, 648) and is extracted 
and turned into ammonium sulphate and sold to the farmer. 
The plant requires nitrogen as nitrates such as sodium nitrate. 


[Na]*|0-N^ 
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and it cannot use it in the form of ammonium compounds, such 
as ammonium sulphate. 


H 

1 

H— N— H 

1 

H 

+ 

0 0 




S 

/\ 

H 

1 

H— N— H 

1 

H 

+ 

i 

0 0 


which contain the — ^NH4 group of atoms. But in the soil arc 
bacteria (the chemists of the plant world) which have the power 
of turning [NH4]+ ions and oxygen into water and [NOs]* ions 
which the plant can use. As coal may last 500-5000 years, its 
nitrogen will not fail us for many a day. 

Finally, the world is using its nitrogen capital by continually 
breaking virgin unused soil, growing wheat on it, till its nitrogen 
and its consequent fertility is decreased, and then either passing 
on to new ground or importing nitrogen. The huge ferms of 
the U.S.A. and Canada are examples of this. The plant breeders 
are continually evolving quicker-growing wheats which, being 
able to ripen in the short Arctic summer, allow the wheat-fields 
of Canada to be pushed north; they evolve, too, drought-resisting 
wheats which can be grown in the virgin soil of the dry areas 
where ordinary wheat cannot flourish. 

There is one biological way of restoring the loss. Certain 
“leguminous” plants — ^pcas, beans, lupins, vetches, etc. — ^have a 
remaikable habit of setting up a partnership with an able chemist 
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in the guise of a bacterium. These bacteria hVe in nodules on 
the roots of the lupins, etc. (dig up a lupin seedling or ruimer bean 
and look) and have the most remarkable power of Uiming the 
nitrogen of the air into combined nitrogen. So a good way of 
enriching a poor soil is to grow a crop of vetches and plough 
them, and the nitrogen they have made, into the soil. 

The most recent and effective way of getting nitrogen for our 
food is to make it from the ait. This is a difficult task for the 
chemist, but he has found four or five ways of solving it. We 
have oixly space to talk of one or two. 

The Birkeland-Eyde process imitates the lightning. Air is 
blown through a huge electric arc at 2000“ C. spread by magnetic 
forces into a fiat disc of flame. The nitrogen and oxygen of the 
air partly combine and by the action of mote air and water finally 
make nitric acid. 
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The nitric acid is usually treated with limestone,^giving calcium 
nitrate^ which is a solid and can be charged into sacks and sold 
to farmers. 

The cyanamide process uses calcium carbide (p. 6oi), heats it 
and passes over it nitrogen from the air. This makes calcium 
cyanamide, which in damp soils slowly changes to ammonium 
compounds, which bacteria change to nitrates. 

The process chiefly in favour nowis to make ammonia (NHj) from 
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nitrogen and hfdrogen and turn this into ammonium sulphate, 
which soil-bacteria very easily change into nitrates. The process 
requires great feats of engineering because the gases have to be 
handled at &itly high temperatures and pressures of up to 
200 — 300 atm. The &st step is to make hydrogen, the manu- 
fumue of which from water-gas has been described on p. 569. 
When two volumes hydrogen and one volume oxygen are 
ignited they explode and combine to form water; so if you mix 
five cubic feet of air (containing one cubic foot of oxygen and 
four cubic feet of nitrogen) with fourteen cubic feet of hydrogen, 
two of the latter will bum and turn all of the oxygen to steam; 
and a mixture of four cubic feet of nitrogen and twelve cubic 
feet of hydrogen will be left. This is the right proportion for 
making ammonia. Actually, a mixture of air and hydrogen 
would explode violently, so we mix the air and hydrogen together 
only as fast as they bum. 

llie nitrogen-hydrogen mixture is cooled and purified from 
traces of other gases and is then compressed to no less than 
5000 — 5000 lbs. per sq. inch. It is then passed over a “catalyst” 
of metallic iron which in some not clearly understood manner 
makes them partially combine and make ammonia. Now, am- 
monia gas at the enormous pressure of 5000 lbs. per sq. inch 
boils at quite a high temperature. So it is only necessary to cool 
the gas to condense out the ammonia. The unused nitrogen and 
hydrogen are used again. 

The liquid ammonia gas has now to be turned into a form 
which can be sold as a fertiliser. This is done by combining it 
with sulphuric acid to make solid ammonium sulphate. 


AMMONIA 


Ammonia, as we have seen, is a compound of nitrogen and 
hydrogen. Its formula is NH, and its molecule is arranged like 
this: 
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Diagtam of Ammonia molecule. 
The large sphere represents the 
nitrogen atom: the three small 
bulges hydrogen atoms. 


Its smell is familiar to everyone because ammonia is often used 
for cleaning. It turns grease into soap to some extent and it 
softens water, but is not really a very efficient deanscr. The chief 
use of it is, as we have seen, to make fertUisers. Liquefied 
ammonia is used a good deal in refrigerators. The refrigerator 
described on p. ii8 employs liquid sulphur dioxide; ammonia 
is used in a very similar way. 

Ammonia’s chief chemical characteristic is the way it combines 
with acids. Acids combine with it and give it their loose hydrogen 
atom and an electric charge. Thus, if you mix ammonia fumes 
and hydrochloric add fumes, you get a dense white smoke of 
ammonium chloride or sal-ammoniac. 


Ammonia and any add will form a 
solid ammonium salt of this kind. 
Examples are ammonium cbloridey sal- 
ammoniac (above) used for Leclanche 
batteries and in soldering and brazing. 
Ammonium sulphate is used as a fer- 
tiliser. Ammonium chloride is not 
used as a fertiliser because chlorides 



NH,+Ha NH,a 

Fro. 375. — Ammonia and 
hydro^oric * acid give 
ammonium chloride. 


are not very good for the soil, while 

sulphates arc enjoyed by plants like cabbages and onions which 
contain a good deal of sulphur. 

Ammonium nitrate woidd be a very fine fertiliser but is rather 
expensive. Its chief use is as an explosive. A molecule of the 
solid [NHJ+ [NO,]“ when given a violent shock changes into 
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two molecules of steam and one of nitrous oxide 0=NssN 
(the gas that the dentist uses) and for the reasons given on p. 636 
causes a violent explosion. It is a very safe explosive indeed. 

The other great use of ammonia is for making nitric acid. 
Nitric add can be made by the Birkeland-Eyde process (p. 647) 
or from sodium nitrate, but the easiest process to understand, 
and probably the most important one, is its 
manufacture from ammonia. The prindple is 
simple. Pass a current of mixed ammonia 
gas and air through a few thicknesses of hot 
platinum wire gauze. Ammonia and air have 
nothing to say to each other in the ordinary 
way and even at a white heat only turn into 
nitrogen and steam. But the surf^ of the 
platinum in some unexplained way makes 
the nitrogen of the ammonia and the oxygen 
of the air combine and make the gas nitric 
oxide NO. This combines with air and water, 
giving nitric add just as in the Birkeland- 
Eyde process. 
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Ammonia and 
oxygen, when 
passed through 
platinum gauze, 
give nitric oxide 
which with air 
and water gives 
nitric acid. 


NITRIC ACID 


Nitric acid is a very useful chemical substance. It has a great 
deal of chemical energy. It is a strong add — ^i.e., with water it 
produces a great deal of HsO^ hydroxonium ion; it has a great 
deal of oxygen to give away to anything which will accept it and, 

O 


finally, has the power of putting 



groups into 


organic compounds. Without nitric add you cannot carry on a 
war, for all explosives ate made from it. Unfortunately for the 
cause of peace, it is made, as we have seen, from the air, so no 
country need be without it. 
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Pure nittic acid is onpleasaat to handle. It is a colourless 
liquid (if not quite pure, yellow or brown) which gives off a 
sharp-smelling fume. If you drop it on your skin, it will make a 
dangerous burn before you can wash U off, and will make holes in 
your clothes. Ordinary “strong” nittic acid as sold contains 
about a third of its weight of water and is not quite so destructive 
—though dangerous enough. Its chief use in the world’s work 
is to make fertilisers and organic nitro-compounds. Thus T.N.T. 
is made by mixing Uquid toluene QHg (a substance closely 
related to benzene) with several successive portions of strong 
sulphuric and nitric acids of increasing strength. Aniline, from 
which so many dyes can be made, is produced by treating benzene 
with nitric and sulphuric acid for a shorter time and at a lower 
temperature. The almond-smelling yellow oil nittobenzene floats 
to Ae top. It is run off and washed, treated with scrap-iron 
borings and water and a little acid. The iron takes its two 
oxygen atoms and also one from the water so making the — NO| 


H 

Fc / 

-f-0 

Fe \ 

H 


Iron Watt 


group mto an — iNJtig group. 


Nitric Acid 
HO.NO, 

H 

C 

/ \ 

HC CH 


NO, 


/ \ 

HC CH 


HC CH 

\ / 

C 

H 

Benzene 


HC CH 

\ / 

C 

H 

Nitrobenzene 



652 Tit World oj Scienct 

NH, 

I 

C 

/ \ 

HC CH 

II 1 

HC CH 

\ / 

C 

H 

Aniline 

The aniline is distilled to purify it. 

There are hundreds of oriier compounds of nitrogen, all in- 
teresting to the chemist. We can just mention its oxides, laughing- 
gas O =NsN which the dentist uses; the heavy brown gas, nitro- 
gen peroxide O =N =0 which you see when you put a hal^enny 
in strong nitric add: its remarkable explosive chloride whose 
spedal line is blowing eyes and fingers off eminent chemists. 
The cyanides with the group of atoms — ^N=C are interesting. 
They are very potent poisons indeed. Hydrocyanic or prussic 
add HCN is the quickest poison known, and may kill within 30 
seconds. Very few other poisons (except gases) will kill under 
several hours. Even this horribly dangerous substance — 
made worse by the fact that it is a liquid which evaporates far 
quicker than the lightest petrol to an intensely poisonous vapour 
— ^finds its uses. It is not poisonous to plants: consequently, it 
can be pumped into (or made in) a greenhouse, and will kill 
every living animal— aphis, spider or bug. In California, where 
fruit is grown in vast quantities for canning, they erect a tent over 
a tree, pump Into it a dose of prussic add, thus killing all pests. 
They then pass on to the next tree and dear thdr orchards very 
effectively. 


Fcg 03 

-h Iron oxide. 



CHAPTER XXV 


Phosphorus : Silicon 

PHOSPHORUS AND PHOSPHATES 

P hosphorus is a very odd element— not of very great 
importance — but its compounds, the phosphates, are essentials 
of life, and it looks as if our descendants will have trouble in 
finding enough of them. 

The element phosphorus can sort out its atoms into molecules 
in two different ways. Consequently, we can make two kinds of 
phosphorus, red and white, both made entirely of phosphorus 
atoms but as different in their way as diamonds from charcoal. 
Red phosphorus is contained in the paste which covers the 
outside of a safety-match box. It is a dark red powder. It has no 
smell. You can eat it and not be harmed. It is very inflammable, 
and at about 200° C. — the temperature of a hot oven — catches 
alight and burns brilliantly. Its use on the match-box is simply 
to start to bum as a result of the heat of friction and so to set 
fire to the less inflammable match-head. 

White phosphoms is a very different material. It looks rather 
like white wax, though it can be made into brilliant little crystals. 
It has to be kept under water; for, in air, it either catches alight or 
smoulders away. If you pick up a stick of phosphorus with tongs 
(the warmth of your hand would set it alight and burn you 
badly) you can see it smoking, and if you take it into a dark 
room you can see it glowing with a faint greenish light. The 
glow is phosphorus vapour burning (combining with the 
oxygen of the air) in a peculiar way and giving out light with 
very little heat. Some heat is produced and the phosphorus 
usually warms up gradually, and when it gets to about the 
temperature of a warm bath, it catches alight. White phosphorus 

<5J 
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is very poisonous indeed— a tenth of a grain may be a fatal 
dose. V^te phosphorus used to be employed in match-heads, 
but its vapour made the teeth and even the jawbones of the 
workers decay, and every civilised country has now forbidden its 
use. 

Plants and animals must have phosphorus because the most 
essential part of the cell, the nucleus, contains compounds called 
nucleo-protcins, which contain a little phosphorus. The fresh 
bones of animals contain as much as 9% of phosphorus, for 
the strong hard part of them consists largely of calcium phosphate. 

[Ca]++ 

P?OjH [Ca]++ [POjs 
[Ca]++ 

Dry bones contain more still. This absolutely necessary 
phosphorus must ultimately be obtained from plants. 

Now phosphorus is not a very common element: all soils 
contain a little, but very few contain much. In a state of nature, 
phosphorus circulates and is not lost. The plant takes it from the 
soil; the animal eats the plant and uses the phosphorus for its 
cell-nuclei and its bones; both plant and animal ^e and return 
to the soil. 

But into London, every day, we are pouring tons of combined 
phosphorus in the form of food. Every year in the British Isles 
half a million people die and their bones are buried. We bury 
in them at least 200 tons of phosphorus, equivalent to 2, 000 tons 
of the best phosphate rock. Needless to say, the soil will not 
stand the strain and we have to give it phosphates. In many parts 
of the world are phosphate-deposits. This phosphate rock is 
mined, ground up, treated with sulphuric acid which makes the 
phosphorus more quickly available, and sold as superphosphate 
to fertilise the soil. But we are spending capital. One day the 
phosphate rock will be Hnished, and unless our descendants find 
some new source of phosphorus, they will be unable to get 
enough food from die impoverished soil Then, indeed, they 
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will be glad to dig us up and use our bones to fertilise the fields: 
they will indeed ‘‘grind our bones to make their bread/^ Business- 
like people would insist on being cremated and scattered on 
the soil from which they sprung, so returning their phosphates. 
Cremation, it is true, would waste their nitrogen, but we can 
always get that back from the air. 

SILICON 

The element silicon is the chief one which binds the rocks 
together. We shall have more to say about rocks and the earth 
in Chapter XXXII, but, generally speaking, one may say that the 
crust of the earth is mainly made of silicon compounds and of 
calcium carbonate. AU the volcanic rocks lilm granite, basalt, 
porphyry; all the clays and shales; all the sands and sandstones are 
silicon compounds. The only really common rocks that are not 
silicates are chalk and limestone. 



F1G.377.— Right- and left-handed crystals of silica: above, right- and 
1 ^-handed screws for comparison. (Lower portion by courtesy 
of Messrs. Macmillan & Co.; from Tutton*s Crjstalhff^apby and 
Practical Crystal Measurement.) 
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The element silicon itself is not of much practical use, but its 
oxide silica is one of the commonest substances in the world. Its 
formula is SiOj. 

Crystallised silica is rock crystal or quartz. In this crystal, the 
molecules arc arranged spirally as if they lay on the thread of a 
very coarse-pitched screw. Now, we know a screw may either 
be right-handed or left-handed and, accordingly, we get tight- and 
left-handed quartz crystalsl If you look at a quartz crystal you 
can sec little “hemihedral faces” (r', s, x. Fig. 377), and in a batch of 
crystals you will find some like each of the two crystals illus- 
trated. These are like reflections of each other in a mirror, as 
are a right-handed and left-handed screw. 

Quartz is found as small grains — ill-shaped crystals — ^in many 
roclB, and when these break up by the action of wind, water and 
weather, the very hard grains of quartz remain behind, in the form of 
sand. Ordinary sand is mainly waterwom particles of quartz or flint. 

Flint is also silica (as are opal, chalcedony, agate and camelian) 
but is not crystalline; the silica molecules do not lie regularly on a 
screw thread but are jumbled anyhow. Now, all <iese things 
which ate “amorphous” as we call it, break with a peculiar shell- 
shaped fracture. A piece of glass or flint or spaling or 
bakelite or glue when broken shows a smooth curved surface. 
A crystalline substance like iron, quartz, soda or marble breaks 
and leaves an irregular jagged surface. 

The first craft in the world was the shaping of flint , It was 
marked out as suitable for the earliest tools because it could be 
easily broken into sharp-edged pieces. Few rocks are as hard as 
flint, and those that are cannot be shaped by blows or pressure, but 
have to be laboriously rubbed into shape. 

The hoary trade of flint-chipping is not yet extinct. Shaped 
flints are needed for the flint-lock guns which survive in the East, 
and old buildings faced with squared flint still need alterations 
and additions. At Brandon in Suffolk, not for from prehistoric 
flint mines, the tradition of “flint-knapping” continues. The mffn 
are expert at the knapping of flints, and the beautifully shaped 
gun-flints made thereby. 
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Almost all rocks, except chalk, marble and limestone, are made 
ap of silica and silicates. A silicate is a compound of metal ions 
with silicate ions, which are electrically charged groups of silicon 
and oxygen atoms. A typical and rather simple one is talc, made 
of magnesium, silicon and oxygen atoms in the proportion shown 
by the formula Mgj (OH)aSi40io. Most of the natural silicates 
have very complicated molecules, made up of long chains or wide 
networks of alternate silicon and oxygen atoms with ions (electric- 
ally charged atoms of metals) clustering in the interspaces. 





(^) Long thxead-Bke chains of silicon 
and oxygen atoms, extending in- 
definitely to right and left, am the 
fundamental uxuts of fibrous minerals 
such as asbestos. 



W A closed basket-like network of {d) Plane networks of silicon and oxygen 
silicon and oxygen atoms. These atoms extending indefinitely in every 

are found in ult ramar ine and in direction are the fundamental units 

felspar, of minerals, such as mica, which 

readily split into thin leaves. 

Fig. 578. 

(From Dr. R. C. Evans* translation of O. Kassel's Kristallebimit, published by 
Messrs. William Heinemann.) 
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Fig. 378 shows typical examples of these networks. The large 
white spheres are oxygen atoms: the little dotted spheres in Fig. 
378<2, by dy and the black spheres in Fig. 378^ are silicon atoms. 
The metal ions must be bought of as clustering round these 
frameworks. Those in Fig. 378^, by are the sort of diains that one 
might find in asbestos or a mineral which has fine fibrous crystals. 
Such chains as these might, of course, continue for hundreds of 
atoms to right or left. I^t sheets of atoms (Fig. yi^d) are 
found in minerals like talc and mica, which split into thin sheets. 
A sheet like this may contain many millions of atoms in this same 
regular pattern. Fig. 378<r is a molecule of the blue pigment 
ultramarine. The common mineral felspar has a “bas^-like” 
molecule of this kind. The semi-liquid layer of the earth next 
below the solid crust is composed of a large number of diflerent 
silicates. Accordingly, the rocks to which it solidifies are not 
ordinarily one single silicate like the above, but a conglomeration 
of crystals of different silicates. You can see this well in the pieces 
of polished granite which are doubtful ornaments to so many 
public buildings. The chief constituents of granite are felspar 
(white or pinkish opaque crystals), transparent quartz, and mica 
in small shining and brilliant flakes, often black (Plate XXXIII). 

Felspar is a compound of potassium, aluminium, silicon and 
oxygen, KAlSisOg. 

Mica is a compound of hydrogen, potassium, magnesium, 
silicon, aluminium and oxygen^, (OH)g K Mg,Si, A 10 io> 

Quartz is silica SiOg. 

These presumably crystallised out when the molten “magma” 
or mixture containing silica and the silicates of potassium, 
magnesium and aluminium slowly cooled for centuries under the 
ear^. If the proportions of these elements had been different, 
crystals of other complicated silicates might have appeared and 
we noight have had basalt or olivine instead of granite. 

If a molten mixture of silicates is suddenly cooled, instead of 
crystals there appears an amorphous glass. This often happens 
with volcanic lavas: the almost black glass so produced is called 

^ There axe several difierent felspars and micas* 



Phosphorus : Silicon 659 

obsidian. It breaks like flint and so primitive peoples have 
chipped it like flint into razor-edged arrow-heads and knives. 
The Mexican priest sacrificing his victim, cut open his breast with 
an obsidian knife — a tradition dating probably to the days before 
metals were known. 

Glass is a mixture of silicates. To make ordinary glass, it is 
not enough to melt rocks and cool the liquid, for since the rocks 
all contain a good deal of iron, the glass would be nearly black. 
Ordinary glass is the mixture of the silicates of sodium, potassium, 
calcium and lead or some of these. 

Soft glass as used for windows is made from: 

Soda, 30 parts 
Chalk, 35 parts 
Sand, 100 parts 

Broken Glass, a variable quantity 

A more brilliant-looking glass suitable for ornaments is made 
from: 

Potassium carbonate, 20 parts 
Red Lead, 60 parts 
Sand, 100 parts 

Broken Glass, a variable quantity 

and numerous other mixtures can be used for special purposes, 
such as glass for lenses. Boron oxide may replace silicon to some 
extent. The strongest glasses for resisting heat and violence are 
those like pyrex which are used for oven-glass and for making 
chemical apparatus: these are ‘‘borosilicates” of the above type. 

Glass is made by melting the above mixtures in a regenerative 
furnace of the type shown in Fig. 386. A rather sticky liquid is 
obtained when the materials first melt, and even at a white heat 
it is by no means as limpid as water. The glass is kept melted for 
S long time so as to allow all the air-bubbles to float out of it to 
the surface. 

Now, given the molten glass, how are articles made from it? 
The traditional method is ‘ 'blowing,” a most skilled tradel 

The glass worker gathers a lump of treacly semi-molten glass 
on the end of a long iron tube. By blowing into the tube the glass 
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is inflated into a bulb. This can be shaped by twirling the tube, by 
swinging it so as to extend the soft bulb by the action of gravity, 
by reheating it and blowing softly or vigorously. Very few and 
simple tools ate used, and great skill is required. 

Sometimes the bulb is blown inside a hot iron mould: this 
enables a large number of vessels of exactly the same dimensions 
to be blown. 

Blowing machines ate extremely complex: they operate on Ac 
above principle and produce almost all the cheaper bottles — e.g., 
beer-bottles — which are requited. 

Many articles such as Ae Aeaper glass Ashes are pressed. Hot 
glass is pouted into a mould and a shaped plunger comes down 
on it and forces into every corner. The mould opens and Ac glass 
article has by that time cooled to Ae solid state. 

Window glass is usually drawn. The sheet of glass has one 
end dipping in Ae molten glass and is continuously pulled up 
by rollers. This has Ae eflect of drawing out of Ae tank a 

continuous sheet of glass 
which solidifies as fast 
as it leaves Ae furnace. 
Glass which has cooled 
qmckly is in a state of 
strain due.to uneven con- 
traction and is very easily 
broken. All Ae glass ar- 
ticles are Aerefore annealed 
after Aey have been made. 
They are heated to the 
temperature when the 
glass is just beginning 
to soften and Aen cooled 
very slowly for an hour 
and a half or more. 


f 



Pig. 378a, — ^Mechanical diawing of sheet glass. 



CHAPTER XXVI 


Chlorinb 

COMMON SALT 

C HLORINE has an evil reputation, for it was the first of the 
poison-gases to be used in warfare. But in its compounds, 
it is not only useful but essential for the whole fluid contents of 
our bodies, blood, tears, milk, lymph, sweat, urine are a weak 
solution of common salt which is more than half chlorine. 
There seems to be no very obvious reason why sodium chloride 
rather than, say, potassium chloride should be the most 
abundant salt in our bodies. It is thou^t that all land 
creatures have been evolved from marine creatures: these, 
which naturally would contain the salt of the sea, have handed 
on to us the chemical inheritance of a cell contents which 
requires salt. 

The most important compound of chlorine then is salt — 
sodium chloride — which as Fig. i6 p. 47 shows you, consists of 
sodium ions — sodium atoms with one electron removed — and 
chlorine ions — chlorine atoms with one electron added. The 
original source of it is not very certain; but all the deposits of 
salts found in the world have been produced by the drying up of 
inland seas. 

Some of these deposits are tremendously thick. At Stassfurt, 
in Germany, there is at least half a mile thickness of salt Now the 
sea contains only about 3 % of salt and so (since salt is about 2'^ 
times as heavy as water) a mile depth of sea would only deposit 
about 20 yards of salt. So the Stassfurt deposits would have 
needed a sea about forty miles deep to produce them. This we 
can’t believe ini So, the usual theory is ^t a salt deposit started 
as an inlan d sea, perhaps separated from the ocean by a bar over 
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which waves broke freely in winter. Every winter the sea filled 
it up: every sununer the sun dried up the shallow basin and 
deposited a layer of salt. Gradually the basin sank — knd is 
always slowly rising and felling — and so a vast depth of salt was 
deposited and a salt bed formed. Most of our English salt- 
mines in Qieshire have been flooded by water breaking in 
from above. So salt in England is "mined” by pumping out 
the strong salt solution or “brine” from the flooded salt-beds 
and boiling this down till the salt crystallises. The most re- 
markable salt-mines are at Wieliczka in Galicia, where a whole 
town has been hollowed out of the gleaming crystalline salt. 
Plate XXIX shows the mining of the salt and also the chapel of 
St, Barbara, in which the walls, floors, carvings and even the 
chandeliers are made of salt. 

Salt when purified is femiliar enough to everybody. Actually, 
table-salt is often mixed with a little bone-ash (calcium phosphate) 
to stop it clogging in damp weather. Kitchen salt does not 
contain this but may contain traces of other salts. The world 
uses about twenty million tons of salt a year, say, 22 lbs. a person. 
About two-thirds of this is used for eating, cooking and pre- 
serving salt meat and fish: the rest is turned into soda, caustic 
soda, chlorine, hydrochloric acid, sodium sulphate, etc, and 
is also used up in the glazing of pottery, dyeing, etc. 

CHLORINE 

The element chlorine itself is largely used for making bleaching- 
powder, and for making many organic chemicals — drugs and 
dyes — and for making hydrochloric acid. 

It is made by passing an electric current through ordinary salt 
solution. This is just positive sodium ions and negative rblnrine. 
ions and water. So an electric current attracts the sodium ions 
to the negative pole (cathode) and the chlorine ions to the 
positive pole (anode). The chlorine ions gtV# /(p an electron 
each to the current supply at the anode and so become chlorine 
atoms which join up to chlorine molecules. These bubble ofl 
as chlorine gas. The sodium ions rfoent an electron from the 
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cathode and so become sodium atoms. But a sodium atom 
and a water molecule combine and give a sodium ion again and a 
hydroxyl ion and a hydrogen atom. So, at the cathode we get 
sodium ions and hydroxyl ions in equal numbers (this we call 
sodium hydroxide or caustic soda) and hydrogen gas. 

So the electric current splits salt water into chlorine, caustic 
soda and hydrogen. The manufacturer uses all these. The 
chlorine he sells to the chemical works or turns it into bleaching 
powder by combining it with lime; the caustic soda he sells to the 
soap makers and the hydrogen he probably uses to make inedible 
oils into useful fats. 

Something has been said already about storing chlorine under 
pressure as a liquid in tanks. This is possible because dry chlorine 
does not affect iron. If moisture is present, it corrodes any metal 
away in a very short time. 

Chorine gas is a substance which forces itself on one’s notice. 
It is greenish-yellow in colour: this means it absorbs the light 
of the other parts of the spectrum (red, etc.), and this light 
increases its energy. A remarkable result of this is that chlorine 
is much more chemically active in light than in the dark. If a 
chemist wants to make chloracetic acid from chlorine and 
acetic acid, he waits for a bright sunny day, knowing that the 
experiment will be complete in about half the time that would be 
needed on a dull day. Its smell is very noticeable too. Even the 
insensitive nose of a man will smell a great deal less than one 
part of chlorine in ten milli on of air. When very weak, it smells 
rather like sea-weed, but when strong, it has a scalding and 
choking odour. It is very poisonous indeed, for, as little as one 
part in jo,ooo of air will cause serious injury to the lungs if 
breathed for some time. It was the obvious poison-giS to use in 
warfare, for it is not only poisonous but heavy and cheap. The 
results were terrible. The delicate membranes of the lungs 
irritated by the gas defended themselves by pouring out quantities 
of fluid designed to wash away the irritant: the effect was, the 
victim was (downed in the exudations of his own long tissues. 
Man y of those who survived were permanently weakened and 
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succumbed to tuberculosis or other such infections. Mustard 
gas and the lacrymators or tear-gases were painful but compara- 
tively humane, for most of their casualties recovered completely; 
but chlorine was a completely brutal method of causing death. 

Gas-warfare is a competition between the chemist who 
synthesises new compounds and the chemist who devises masks. 
It is unlikely that chlorine will be used again, for the newly 
invented gases are far more efficient. We escaped gas-warfare in 
the war of 193 9-1 945, but we may not always be so lucky. The best 
recourse, if caught without a mask, is to shut oneseLF in a gas- 
tight room, or if out-of-doors to seek an open and windy place 
in which the gas concentration is unlikely to be high. The gas- 
mask is a contrivance for breathing through a filter to remove 
smokes, and through activated charcoal to absorb gases. Most 
chemists would be sceptical about the possibility of the discovery 
of any gas much worse than the present ones. All deadly gases 

have fairly simple molecules, 
and nearly all the possible 
simple molecules have already 
been put together by chemists. 

The greatest danger is bac- 
terial warfare or the spreading of 
radioactive dust made by nuclear 
fission (p. 5 5 ia). It remains very 
uncertain, however, whether 
either of these can be made 
effective. 

Because chlorine is poisonous 
it is therefore an excellent 
disinfectant, for it kills all kinds 
of bacteria, but in the form of 
chlorine gas it is too dangerous 
to handle. Accordingly, it is 
made into ‘'chloride of lime’*, 
or “bleaching-powder.” which 
is even better for the purpose. 



Fig. 379. — Gas-mask as used in the 
war of 1914-1918. 

A Charcoal 
B Soda-lime 
C Charcoal 
D Air-entry 
E Eye piece 
M Mask 
V Valve 

(Courtesy of the McGiaw Hill 
Publishing Co., Ltd.) 



PLATE, XXXI 



lilast-furnacc plant. X, pipe supply inf? blast. C, conveyor 
for hoisting cjrc. B, blast-furnace. E>, dust-catcher to 
remove most of dust. Cr, gas main from furnace to I~>. l i, 
gas main from t> to S, S, S, S, stoves. W, washer removing 
all dust from the part of the gas to be used to drive the 
blowing engines. (By courtesy of Messrs. Newton 
Chambers Sc Co., Sheffield.) 



Pouring off slag from a ladle full of molten steel. 
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This is used a good deal in industry. It is made by burning hydro- 
gen and chlorine together, and dissolving the hydrogen chloride 
gas in water, or by pouring sulphuric acid on salt. Hydrochloric 
acid is a very common and important chemical. It used to be 
employed for cleaning lavatory pans, because it breaks down 
organic matter but does not affect earthenware. But it is not much 
used in the household, for it is a dangerous material, poisonous 
unless diluted with a great deal of water, and very destructive. 
It has been displaced by “Harpic,” which is substantially sodium 
hydrogen sulphate, a strong acid in a solid form, and therefore as 
good as hydrochloric acid, but not liable to be drunk in mi stake 
for medicine. 

Chlorine will very often take hydrogen out of an organic 
compound. It may break it up altogether, or it may, if water is 
present, take the hydrogen from the water leaving an oxygen 
atom which enters the compound. 



+ »+Id]- 



+ t® 


Chlorine + Water + Dye Hydrochloric + Colourle«8 compound 

add ot dye and oxygen 


Suppose we let chlorine act on a substance coloured by some 
dye stuflF. It will probably break the dye molecule up or put 
oxygen into it — thus changing it into a new molecule. Now 
for every coloured molecule there are a hundred colourless ones, 
so chlorine is very likely to change a coloured thing to a colour- 
less one and so bleach it. 

Chlorine cannot be used to bleach the protein fibres of silk 
or wool, because it attacks the — ^NH — groups in a protein. 
But cellulose stands limited treatment with chlorine, so cotton 
and linen can be safely bleached by it. The usual way of bleaching 
cotton is to run the woven material first through bleaching 
powder solution and then through weak sulphuric acid. The 
bleaching powder solution and acid together produce chlorine 
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on the fibre where it is wanted, and there is no risk of poisoning 
anyone by using chlorine gas. 

If you want to see some chlorine for yourself, GO OUT OF 
DOORS, put a table-spoonful of bleaching powder in a jam 
jar. Stand to windward of it, add half a teacup full of accumulator 
acid and cover the jar with a saucer. You will see the green 
gas, and if you put a flower in the jar, it will be bleached at once. 
But treat the gas with respectl 
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Sulphur 

T he Devil is popularly believed to disappear leaving a 
smell of sulphur. Sulphur is almost odourless, so the 
recounters of the traditioa either believed he disappeared with a 
smeU of sulphuretted hydrogen— like a rotten egg — or more 
likely with a smell of sulphur dioxide — the smell of burning 
sulphur, fireworks or French matches. Perhaps fraudulent 
magicians helped their diabolic displays with a few fireworks, so 
supporting the connection between deviltry and sulphur dioxide — 
or perhaps the notion that volcanoes (which often exhale sulphur 
dioxide) were the mouths of hell, led to the association. Be this 
as it may, sulphur is connected in the public mind with hell, 
smells and bad language. Milton was of the opinion that heU 
was paved with sulphur. 

“ — down they light 
On the firm brimstone ** 

Sulphur is, in real fact, sometimes associated with volcanoes. 
For many years all the world’s sulphur was obtained from the 
volcanic region of Sicily: to-day, it nearly all comes from Louisiana 
and Texas. The winning of this sulphur was perhaps the most 
remarkable feat of mining engineering. The sulphur — almost 
pure — ^lies under a layer of quicksand saturated with water. 
It might have been possible to freeze this (p. zij) and sink a 
steel lined shaft into it: but the sulphur deposits were full of 
poisonous gases so that even if they ^ been reached, the miner 
could have only worked in a gas-mask, and you cannot do much 
work under such conditions. The brilliant idea of Hermann 
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Fig. 580. — The Frasch system of mining sulpbui. 


Frasch was to melt the sulphur and pump it up. Sulphur melts at 
about 115° C, a little above the temperature at which water 
boils. But under a pressure of 140 lbs. per square inch water boils 
at 17J® C. Frasch’s plan was to pump super-heated water, at 170- 
180® and under great pressure, into the sulphur bed, and 
let it both melt the sulphur and force it up another tube to the 
surface. 

Fig. 3 80 shows the ‘‘sulphur pump.” The hot water goes down 
the outer pipe and issues into the sulphur bed. The melted 
sulphur is much heavier than water and flows down round the 
bottom of the pump. The pressure of the water drives the 
melted sulphur up the inner tube (marked Foam of Melted 
Sulphur and Air in Fig. 380). To lessen the weight of the 
column of melted sulphur, compressed air is blown down the 
central tube so that a froth of air and melted sulphur f omes out 
at the top and is run into vast bins. 

Sulphur as thus made is fairly pure. It is a yellow and brittle 
substance without any smell or taste. It does not dissolve in 
water. It can be made into beautiful octahedral crystals by dis- 
solving it in some liquid like carbon bisulphide and letting it 
evaporate. Sulphur can also be made into needle-shaped crystals 
and (by boiling liquid sulphur and pouring it into water) into a 
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queer indiarubber-like mass. All these varieties of solphor ate 
simply sulphur atoms arranged in different ways. 

Sulphur is used for several quite important purposes. First 
of all, since it lights very easily, it is used in making fireworks and 
matrh/^jt Firework-making is a rather subtle business: the success 
of a firework depends not only on what you put in it, but also on 
how finely you grind it, how well you mix it and how solidly and 
evenly you pack it. A firework mixture always has in it some- 
thing which burns and something which supplies oxygen. Sulphur, 
charcoal, fine iron filings are some of the things which bum and 
saltpetre (potassium nitrate) or some other nitrate usually 
supplies the oxygen. 

Here is a recipe for red fire and an explanation of what each 
ingredient does: 

Sulphur, 12 parts — Bums. 

Potassium cUoride, 6 parts — Colours flame. 

Strontium nitrate, 36 parts — Supplies oxygen and colours 
flame red. 

Antimony sulphide, 2 parts — Bums and makes flame brighter. 

Lamp-black, 1.5 parts — Bums. 

The materials are ground very finely and most thoroughly 
mixed. 


The most interesting firework is the rocket, for it is used not 

only to delight the eye but 




to carry a line to a wrecked 
ship: and in recent years 



has become a formidable 
weapon of war. The 
principle of the rocket is 
simple. When the firework 
mixture in it bums, it 
changes into gas which 
streams out at the base. 
There is, therefore, a pres- 
sure of gas on the inside of 


Pio. )8i. — ^How a tocket it impelled. the rocket which drives it 
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up. It goes up fot just the same reason as a man on toller skates 
goes backward when he hurls a brick. 

The fesdnating thing about a rocket is that it is self-contained. 
The car pushes against the toad, the ship against the sea, the 
aeroplane against the air, but the rocket requires nothing to help it 
on its travels, for it pushes against the gas it has itself made. 
The war of i 939~^945 showed that a rocket projectile could be 
aimed with some accuracy to hit a target a hundred miles away. 
It can travel through the upper regions of the air, and there is no 
reason to doubt that a big enough rocket could fly right out of the 
atmosphere through space to the moon; it th^fore provides 
the most nearly possible way of making a journey to another 
planet. The rocket is still a very violent and dangerous mode of 
transport. None the less, if there was air to breathy and enormous 
riches to be gained on the surface of the moon, X would wager 
that someone would get there in a rocket-propelled vessel wilhin 
a quarter of a century. 

Mars is perhaps the most hopeful planet for colonisation, but 
as it would take about a year at four thousand miles an hour to 
get there, science may easily need a few hundred years’ develop- 
ment before it finds the way. 

The second great use of sulphur is to kill moulds. Sulphur 
seems perfectly harmless to the higher animals and to ordboary 
green plants. But certain moulds have the strongest objection 
to it, and about 100,000 tons every year ate used to dust vines to 
keep off the oidium fungus, a sort of mould which causes great 
destruction to vines and hops. 

Great quantities of sulphur are used to make sulphur dioxide — 
for bleaching wood-pulp, and for making sulphuric acid. 

HYDROGEN SULPHIDE 


Most people have heard of the compound of sulphur and 
hydrogen. It is commonly called “sulphuretted hydrogen,” 
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though chemists call it hydrogen sulphide. The smell is thought 
disgusting by most people, for they associate it with rotten eggs, 
decaying cabbages, sewage and other unsavoury things. But 
“there is nothing either good or bad, but thinking makes it so,” 
and the chemist who works every day with the gas ceases to 
dislike it, and even rather enjoys it in time. It can be made in the 
Kipps apparatus of Figure 355, tising iron sulphide as the solid 
and sulphuric or hydrochloric acid as the liquid. 

[H, 0 ]+ 

Fe S + = H,S + HjO + Fe++ 

[H 30 ]+ + H3O 

Iron hydroxonium hydrogen water iron 
sulphide ion sulphide ion. 

Sulphuretted hydrogen is not much use except to the analytical 
chemist, who uses it to separate and detect the various metals. 
Thus, it gives a black insoluble substance (copper sulphide) 
with an acid solution containing, say, copper or lead, but does 
not afTect an acid solution containing iron. So if the analyst 
wants to see if some iron chloride contains copper or lead, he 
can bubble sulphuretted hydrogen through it and see if any 
black solid is produced. 

Sulphuretted hydrogen is poisonous. It is not by any means as 
poisonous as chlorine, but air containing i % of it wiU soon kill 
a man. As one part in ten thousand makes a pretty foul smell, 
no one is likely to get poisoned unless he cannot get away. 

This is just what may happen in sewer-gas poisoning. Sewers 
are not gardens of roses, of course, but they do not as a rule smell 
very bad, and have not a poisonous atmosphere. The danger 
arises when an tmventilated place has been in contact with 
sewage and the gas has accumulated. 

SULPHUR DIOXIDE 

The gas sulphur dioxide is the gas which gives the smell to 
fireworks, etc. It has the formula SO,, its molecule consisting 



SulpbHr 673 

of a sulphur atom linked between two oxygen atoms. Since 
burning is combining with oxygen, this gas is produced when 
sulphur bums or when anything containing sulphur bums. It is 
usually made in this way when required for bleaching or making 
sulphuric acid. It is very easily condensed to a liquid by cooUng 
it and compressing it, and this liquid is sold in iron cylinders or 
glass syphons (Fig. 5 3 A, p. iz6). But sulphur dioxide is contin- 
ually being produced whether we want it or not. Coal always 
contains a small proportion of sulphur and when coal burns, the 
gases produced contain sulphur dioxide. Anyone who travels 
dirough a long railway tunnel where, of necessity, the air contains 
much coal smoke, experiences that peculiar Bat metallic sort of 
taste in the mouth which is a sure sign of sulphur dioxide. It is not 
a very poisonous gas, so its presence in tunnels is more impleasant 
than dangerous. But the presence of sulphur in coal has a much 
more serious effect, for it causes the smoky ait of London and 
other big towns to contain sulphur dioxide. Now this gas, air and 
water combine — rather slowly — giving sulphuric add, a re- 
markably corrosive substance which costs the Londoner a lot of 
money. It corrodes his stonework — compare the surface of St. 
Paul’s with that of a far older country cathedral of similar stone — 
say Winchester Cathedral. It makes ironwork corrode and rust 
more quickly. Zinc roofing and guttering is almost unusable in 
towns. It is doubtful how far the gas harms plant-life, for it is 
probably a film of tarry soot that kills all but a few dozen kinds of 
plants in Central London. The presence of sulphur dioxide in the 
air of towns is an evil which is not easy to cure. At the great new 
power-station at Battersea where 900 tons of coal are burned every 
day, the issuing smoke (or burned gases, for effident furnaces do 
not let smoke escape) passes through a fine rain of wfter, which 
dissolves out the sulphur dioxide. If all London’s coal was 
burned in power-stations and gas-works to produce gas and 
electricity, no gases but carbon dioxide and nitrogen would have 
to enter the air, and London houses could be as clean as those in a 
country village (Plate XXIX). 

Certain industries produce great volumes of sulphur dioxide. 
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Copper ore is a combination ot copper and sulphur, and the 
first stage in getting copper from it is to burn it so that the 
sulphur turns to sulphur dioxide gas. At the same time, arsenic 
(usually present in ^e ore) also passes out as vapour $0 that a 
copper smelting works produces a whitish and stinking fume. 
This can sometimes have its sulphur dioxide turned into useful 
sulphuric acid, but it is often allowed to escape, whereby the 
ground for a mile or more roimd the works is stripped of every 
green plant. Swansea used to be an example of this in England. 

Sulphur dioxide is used a good deal for bleaching delicate 
materials like wool and silk which chlorine would destroy. The 
process is at least as old as the time of the Romans, who bleached 
their woollen garments by hanging them in closed rooms in 
which sulphur was burnt. It bleaches colours by putting hydrogen 
into them which usually destroys the colour-producing group. 
But it contains no hydrogeni It gets this from water and, accord- 
ingly, it will bleach only damp materials. 
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A little sulphuric add is produced in the process: this must 
be carefully washed out, as the fabric would be weakened by 
it. 


sulphuric acid 

Sulphur dioxide is chiefly used to make sulphuric add which 
is employed in such a large number of diverse trades that Disraeli 
is said to have stated that the degree of dvilisation of a country 
could be estimated by the quantity of sulphuric add it used. 

If for “dvilisation*' you read “industrial dvilisation” it is 
pretty well true. Sulphuric add is used for nuicing hydrochloric 
add, sodium sulphate (for glass making), copper sulphate, 
ammonium sulphate, and “superphosphate” (fertiliser). It is 
used for making sugar from starch, soap aiul glycerine from 
fats, almost all explosives and dyes from coal*tar, ether from 
alcohol, thorium for gas-mantles from monazite sand, etc., etc. 
It is used for “pickling” castings (loosening the scale of iron 
oxide which adheres to them), for the add in accumulators 
and, when much diluted, for sprinkling on wheat fields to kill 
the weeds without burning the com. No other single chemical 
has so many uses — common salt perhaps comes next on the 
list. 

Sulphuric add is made by two processes. The first is the lead- 
chamber process which makes a cheap impure add of about 
60% strength from impure sulphur dioxide, which can be 
got very cheaply by burning iron pyrites. The second is the 
contact process which makes very pure 100% add from pure 
sulphur dioxide. As industry demands both cheap impure 
add and more expensive highly concentrated pure Add, both 
processes continue to flourish. 

The contact process only will be described here — as it is the 
easier to understand. We will suppose that we start from sulphur 
and want to make pure 100% sulphuric add. The prindple 
is to bum the sulphur and make sulphur dioxide. This — mixed 
with air — is passed over a “catalyst” — metallic platinum— 
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Sulphuric acid, or oil of vitriol as it is called in the trade, owes 
its value, its interest and its danger to three things. First, its 
molecules will combine with any water molecule they can get 
hold of and make ions. 
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Sulphu- + water-** Hydro- + bydroz- 
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Secondly, it behaves like a strong acid if it is diluted or if any 
water is about. Thirdly, it can give away some oxygen to another 
molecule and change back to sulphur dioxide and water. 

Most people have seen strong sulphuric acid, a heavy colour- 
less liquid ^rown if impure), which pours rather like thin oil. 
It has no smell and gives off no vapour. It does not boil until 
537° C,, not far off the temperature of melting lead. The thing 
about it which strikes the imagination is that when mixed with 
cold water it gets very hot. The reason is simply that its mole- 
cules and the water molecules are re-sorting their atoms and 
giving out energy in doing so: the result is that, if sulphuric 
acid and water are slopped into each other anyhow, they may 
boil up violently and injure someone: while hot sulphuric add 
and hot water if mixed will cause a sort of explosion of steam 
and strong add. This is one of the chief causes of the few 
laboratory aeddents to beginners. There is one, and only one 
safe way of mixing sulphuric add and water — Aat is pouring 
a thin stream of cold add into cold water, stirring all the time. 

The water-snatching habit of sulphuric add molecules makes 
the strong add very destructive to almost any kind of organic 
matter. Almost all organic matter has in it the constituent 
elements of water, hydrogen and oxygen. Sulphuric add seems to 
be able to break up these molecules and combine with this water. 

Drop a little cold sulphuric add on cotton or paper. A brownish 
colour appears, then shortly after a blackened ragged hole. 
Drop it on woollen cloth and it will be destroyed in a few 
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seconds. If Ac strong add fells on your skin, you have from ten 
to thirty seconds to rinse it off, and you must flood it with 
water — ^put it under the tap — ^because the add and a little water 
get hot and are worse than the add alone. If not washed off it 
destroys the skin, and if there is much add it destroys the cells 
which regenerate true skin, so that the healed wound is a great 
contorted scar. The vitriol-thrower is rightly treated as one of 
the worst of criminals. 

The diluted add used in accumulators has none of these 
savage properties. You could not drink it safely, but a spot on 
your hand would not give trouble for severd minutes. It stains 
one’s clothes red. If it is allowed to dry on dothing, the water 
evaporates and leaves much stronger sulphuric add which will 
corrode a hole. 

Sulphuric acid diluted with, say, two hundred parts of water 
is quite harmless and tastes very much like lemon juice. The 
danger of sulphuric add resides largely in iti thirst for water: 
slake this and it becomes no more harmful than vinegar. 

The use of sulphuric add as an add has already been discussed 
on page 675. Enough to say that it is the cheapest and most 
convenient strong add and is used wherever a strong add is 
required. 



CHAPTER XXVUl 


The Metals 

T he vatioos metals are sufficiently alike to be discussed 
together in a single chapter. For chemical purposes, we 
have a very practical way of grouping them. We may class 
them as: 

(i) The Reaefwe Metals. These include sodium, potassium, 
calcium and magnesium and four or five rater elements. These 
act vigorously upon water and produce hydrogen, and so are no 
use for any mechanical purposes. Their compounds like salt, 
saltpetre, cbdk and so on are very important indeed. 

(2) The hbavy Metals. These are of great practical value; 
they arc corroded away by moisture only slowly or not at all. 
They are quicEy or slowly changed into oxides when heated 
sufficiendy in air, and most of them are corroded fairly easily by 
acids. The most important metals are in this class. AJuminium, 
tin, lead, antimony, copper, zinc, mercury, chromium, iron, 
nickel are among them. 

(3) The Noble Metals include silver, gold, platinum and a 
few rare metals. These may be made white hot without tarnishing 
(or oxidising). They are not affected by water or most acids. 
Silver is the least “noble” because it is corroded by nitric acid or 
hot strong sulphuric add. 


THE REACTIVE METALS 

These metals arc made by electrolysis, but the methods ate 
beyond our scope. Metallic sodium and potassium are only 

6I0 
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mctwithin chemical laboratories or occasionally in photo-electric 
cells. 

They are very strange materials indeed. They are quite 
clearly metals, for a clean surface shines like silver: moreover, 
they are very good conductors of electricity. But they are 
quite remarkably soft and fusible. You can cut a piece of sodium 
like cheese with a wire, you can mould it in your fingers (a 
dangerous trick) like putty. It melts at 97® C., and potassium 
melts at the even lower temperature of 62.5^0., a temperature 
less than that reached under a tropical sun! A very odd thing 
occurs when sodium and potassium are mixed. It is said that a 
member of a chemical firm once made some beautiful pure 
bright specimens of these metals to show at a foreign exhibition. 
He packed them, as is necessary, under water-free oil to prevent 
air and moisture from tarnishing them, but he packed them 
in the same botde. On arrival he found the bottle apparently 
half full of mercury. On investigation he found that the “mer- 
cury’’ was an alloy of the two metals which is permanently 
liquid at ordinary temperatures. 

But these od^ties are nothing to the strangeness of their 
chemical behaviour. If a bit of sodium, the size of a pea, is 
thrown into water, it melts with the heat it produces, and swims 
about at a brisk pace, dwindling all the time and finally dis- 
appearing in about a minute. Sodium swims, because though a 
metal, it is lighter than water. It moves because the caustic 
soda it forms lowers the surface tension of water (p. 93). It 
dwindles because it changes into caustic soda which dissolves 
and hydrogen which escapes. 

© i? — [©] + [0,] 

— [©]+ [0]"^“ 

tfodlum + water Sodium ions, hydroxyl ions 
and hydrogen gas 

If the sodium is prevented from swimming about — by throwing 
it on to wet sand or blotting-paper, the hydrogen catches aUghl 
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and bums with a flame coloured brilliantly yellow by sodium 
vapour (pp. 434-456). 

If the lump of sodium is the si2e of the top joint of your 
finger, it ej^lodes violently, and this experiment should not 
be done, as the performer has a good chance of losing an eye. 
The reason is said to be the explosion of the mixture of hydrogen 
and air, but it does not sound like a gas explosion. Moreover, 
little bits of sodium dropped into water sometimes explode quite 
unexpectedly and dangerously, and there is probably something 
still to be found out about it. 

Potassium behaves much like sodium, but is more violent. 
Calcium is heavier than water and sinks to the bottom and 
produces a steady stream of hydrogen. Magnesium reacts only 
very slowly with water, but too fiist to allow it to be used for 
machine parts, etc. 

All these metals bum brilliantly if heated in the air. Sodium 
bums with a vivid yellow flame, potassium with a vivid violet 
one, calcium with a bright red one. Magnesium, everyone has 
seen bum. It gives a blinding white light which is very good for 
photographic purposes. 

Flash powders are mixtures of magnesium powder with 
something containing a lot of oxygen, usually potassium per- 
manganate. They have been a good deal superseded by the 
new flash lamps described on p. 584. 


THE HEAVT METALS 

There are about a dozen metals in common use. As was 
pointed out in Part I, metals are useful because they are strong, 
fidrly hard and very tough, easily cast in moulds and worked on 
the lathe; to these valuable properties may be added their power of 
conducting electricity. 

It is interesting to see why we use so many different metals, 
each one having their merits. Cheapness is a merit, so the cost per 
ton (July, 1948) is given. 
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Aluminium (£85 a ton) is very light and very strong for its 
weight and, therefore, is used for machine parts, car-bodies, 
aeroplane parts. It is not easily corroded and so is used for pots 
and pans. 

Zinc (£75 a ton) is fairly cheap and stands corrosion pretty 
well. Roofing sheets and perforated metal are among its uses, 
but it is most used for coating, ^‘galvanising’’ iron of which more 
hereafter. 

Ijcad (£90 a ton) is valuable because it is not affected by 
water or weak acids: because it is very soft and easily bent into 
shape and very fusible — therefore easily cast. Lead pipes and 
lead roofing sheets are its chief uses. 

Tin a ton) is too expensive for most job$. It is used to 

coat iron and prevent it from rusting; also for alloying with other 
metals. 

Antimony (£190 a ton) is very brittle. It expands on solidifying, 
and makes very sharp castings. This property it retains when 
alloyed. Its chief use is for making type-metal. 

Chromium (£270 a ton) is intensely hard. It does not tarnish 
and is, therefore, very useful for coating iron. Its other use is for 
making stainless steel. Pure cliromium could be made fairly 
cheaply, but is so hard as to be almost unworkable. 

Iron (cast iron £9 a ton: mild steel £16 a ton). Iron is cheap and 
in the form of wrought-iron, cast iron and steels of various 
tempers can be made tough, brittle, hard or soft. The only 
strongly magnetic metal. Its greatest disadvantage is rusting. 

Nickel (£190 a ton). Fairly hard, very tough, and very 
resistant to heat. Not readily tarnished. It is chiefly used to plate 
on iron and for making tough, strong non-corrodible alloys. 

Copper (£120 a ton). Very tough indeed, fairly strong and an 
excellent conductor of electricity. Not easily corroded. It is 
chiefly used for electrical conductors and for making brass and 
bronze. 

Silver (£6,125 a ton). Too expensive for much use except as 
an ornament. Its chief practical use is to coat mirrors. 

Gold (£z 28 , 6 oo a ton). Since it is absolutely uncorrodiblc 
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it is used for plates, crowns and fillings in dental work. For the 
rest, it is chie% used for ornament and money. 

Platinum (£zzS, 6 oo a ton).^ This metal is uncorrodible and is 
fairly tough and strong. It is used for scientific apparatus and in 
dentistry. It is also used as a catalyst (p. 675) and as jewellery. 

When metals ate melted together they usually dissolve in each 
other, and make a mixture called an alloy. It does not seem at all 
certain how &r the different atoms in an alloy are chemically 
linked together; for most purposes they behave much like a 
simple mixture of the metals. 

Most of these alloys are simply made by melting the metals 
together, but stainless steel is made by taking the oxygen from 
mixed iron and chromium oxides which are found as the ore 
chromite. 

Duralumin is extremely light and strong, and is used for 
aeroplane work. It contains 94% aluminium, 4% copper and 1% 
manganese with a trace of silicon. It can be tempered in much the 
same v^y as steel. It is more than twice as light as steel, and 
weight for weight, nearly twice as strong. Numerous magnesium 
alloys, which have even greater lightness and strength have 
recently been developed. 

Solder contains lead and tin (p. 70). Plumber’s solder contains 
53% tin: tinman’s solder 50%. 

Stainless steel contains 86% iron, 13% chromium and 1% 
nickel. Very hard and does not rust. 

Brom(e contains about 87^% copper and izi% tin. Many 
modem bronzes contain iron or nickel. It is extremely strong and 
tough. 

Brass contains about two-thirds copper and one-third zinc. 
It has a beautiful colour, and is very easy to cast and to work on 
the lathe. 

German Silver. A mix-up containing copper, nickel, zinc and tin. 
It is a sort of white brass, and is used as a base for silver-plating 

1 PUtinum is at present abnormally cheap and gold abnoimally expensive. 
Platinum is usually a1x>uc three times the price of gold. 
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HOW METALS ARE MADE 

The making of metals is tremendously important to the 
world. The only metals commonly found as actual metal are 
platinum and gold, though native copper is abundant in some 
parts of the world, and iron is rarely found as meteorites. 

The metals are chiefly found combined with oxygen or sulphur. 
Thus, lead is found as a hard bright metallic-loolring substance, 
galena, the molecules of which are each made of a lead atom 
linked to a sulphur atom PbS . Iron is often found as rust-red haema- 
tite, which has a giant molecule of ‘‘sandwiches” o£ iron and oxygen 
atoms in the proportion of two to three. The metallurgist 
removes these oxygen or sulphur atoms and leaves the metal. 
Unfortunately, nearly all ores contain more than one metal, so 
that special tricks have to be used to get rid of the ones that are 
not wanted. 

The simplest case is an oxide ore which has metal and oxygen 
in it. This case is well illustrated by tin. Tin is found as tin 
dioxide, tinstone, which has one tin atom to two oxygen atoms. 

Tinstone is not found pure: usually one part of tinstone is 
mixed up with two hundred of rock. This ore is first roughly 
broken, then crushed to a fine mud by dropping on it heavy 
“stamps” weighing 3 cwt. or more. Water flows through the 
boxes in which the ore is crushed and carries the fragments off as 
fine mud. Tinstone is seven times as heavy as water (as heavy as 
iron): the rock is only about as heavy as ordinary stone. The 
result is that the tinstone settles out of the water far quicker than 
the rock and by running it over a “buddle” — a simple form of 
which is a trough with transverse slats nailed to the bottom — ^the 
rock mud can be made to flow on and the tinstone staysi>ehind. 

Now, if we have a fairly pure tinstone (some specimens have to 
be purified) we have only to turn it into tin. This is quite easily 
done, for carbon combines with oxygen much more vigorously 

• + < 111 ) 0 ®+ — ^ o*®® 
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than tin does, and so 
will take It away. So the 
tinstone is mixed with 
powdered coal and 
heated in a teveibeta- 
tory furnace. Fig. 385. 
The carbon takes the 
oxygen and makes car- 
bon monoxide gas and 
the molten tin is tapped 
REvcKaniATom nmuce. off. It often needs re- 

fining, and this is done 
by a queer process 
called “poling.” The tin is melted and poles of green wood are 
thrust in. The poles give oS steam and smoke which bubble 
through the tin and stir it up. The air then seems to combine 
with the impurities, and these rise to the top as a scum. 

The manufecture of iron is one of the world’s most important 
industries. Iron is found as three chief ores, hsematite, magnetite 
and ironstone. Now, the first two are composed of iron and 
oxygen, the last when heated turns into a compoimd of iron and 
oxygen, so all three can be smelted in the same way in the blast 
furnace. 

Iron ore, then, is iron oxide (iron linked to oxygen atoms) with 
usually a good many impurities in the forms of compounds of 
sulphur, phosphorus, manganese, arsenic, etc., and a good deal 
of clay or sand — silicates of various kinds. The blast furnace 
takes the oxygen away by means of coal which turns it into carbon 
monoxide and carbon dioxide; it takes the clay and sand and a 
good deal of the other impurities away by means of limestone, 
which makes them into a sort of opaque glass called slag. All that 
is left is iron mixed up with 5 % or so of carbon, sulphur, phos- 
phorus and manganese. This is called cast-iron. 

Blast furnaces have been used for at least 300 years, and are 
now rather near perfection. Fig. 384 and Plate XXXI show how 
an ironworks is Idd out. The blast furnace is a huge tower 90-izo 
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Fig. 584. — Diagram of a blast fiimace, stoves, etc. The air is poiiipcd in at the right- 
hand side, passed through the hot stove (shaded) and is blown into the bwe of the 
furnace. The gas evolved passes through dust removing tp|)iratus and is in part 
to heat up the cool stoves (unshaded), and in part to drive the blowing 
engines. The happenings in the furnace itself arc set out in Pig. 585. 

feet high. It is lined with special firebrick. It has a big lead-off 
pipe at the top for gas, and a balanced cone for letting the charge 
of ore enter at the top. 

At the bottom are pipes, “tuyeres,’’ through which a blast of 
hot air is forced into the glowing mass, and two tapping holes 
from which slag and iron arc drawn off. The gas which comes 
out of a blast furnace contains some carbon monoxide and will 
bum. Accordingly, it is used to drive the gas-engines which 
pump the air for the blast. It is also burned in order to heat the 
kilns used to dry the ore. Its chief use, however, is to heat huge 
stoves seventy to a hundred feet high, packed with bricks in 
chequer-work. There are usually four of these. 

The air which is to go to the furnace is pumped through one 
of these and so heated, which of course enables the blast-furnace 
to get far hotter than it would otherwise. When the stove has 
cooled down, the air is switched over to another and the cool 
one is heated up by burning more blast-furnace gas in it. 

The ore as it comes from the mine is crushed and dried and 
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mixed with limestone (calcium car- 
bonate) and coal. The proportions 
vary, but iz : 3 : 5 might be used. 
A mechanical arrangement carries 
the charge to the top of the furnace 
and tips it in. It soon heats up and 
the carbon monoxide, coming from 
the lower part of the furnace, takes 
the oxygen from the iron oxide, 
leaving iron mixed with limestone, 
coal and earthy matter. As the ore 
travels down it gets hotter. The 
limestone changes into Ume and 
carbon dioxide. The lime and the 
earthy matter turn into the slag: 
the carbon dioxide and coal make 
carbon monoxide which travels up 
the furnace. Lower down still, the 
coal burns in the blast of air from 
the ** tuyeres and gives carbon 

monoxide just as it does in a pro- 
ducer (p, Z54): the heat melts both 
the slag and the iron. Melted iron 
is heavier than melted slag, so a 
pool of molten iron settles at the bottom and a pool of slag 
above it. These are run off; the slag into trucks and the iron into 
moulds of sand. The slag is iisually broken up for road- 
mending. 

Cast iron is all very well for heavy castings which do not have 
to bear a bending or tensile strain, e.g., for pillars, low-pressure 
water-mains, lamp-posts, hot-water radiators, bed-plates of 
machinery, etc. But where both strength and toughness is needed, 
we want steel. Steel is iron with perhaps 1% of manganese, 
one-half to one and a half per cent of carbon, and very little 
sulphur or phosphorus. 

CoLSt iron has much more impurity than this. To turn cast iron 
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into steel we make the impurities combine with oxygen, which 
they do mote easily than does iron. Once they are oxides, we can 
make them combine with lime or with silica (sand) and make a 
slag. There are several ways of doing this. The open-hearth 
is much the most important, the Bessemer probably the next. 

In the open-hearth process cast iron is melted with iron oxide 
in the form of kon ore. The oxygen of the iron ore and the 
impurities in the kon combine and these with the linin g of the 
furnace (either lime or sand) give a slag. A tremendous tem- 
perature (about 1500° C.) is wanted in a very big furnace for the 
successful operation of the process. 

This temperature could not be reached except on the small scale 
until the principle of regenerative heating was invented. The 
furnace is heated with ordinary producer gas (carbon monoxide, 
etc.), but the gas and air are made red hot befm they meet and 



Fig. j 86. — ^The open-hearth steel furnace. 


burn. Gjnsequently, instead of starting at say, 20® C, and reach- 
ing 1500® C. by burning, they start at, say, 500® C. and reach 
2000® C! This is achieved by using the burned gas from the 
furnace to heat brick stoves through which the incoming gas and 
ak are then taken. 

This way of making steel only requires cast iron, iron ore, a 
little sand or lime, and heat. It gives a very good uniform 
steel. 

The Bessemer process uses nothing but air and “ganister," a sort 
or natural firebrick. The Bessemer converter provides the finest 
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show of fireworks in industry. 
It is a big steel vessel which is 
swung on trunnions so that its 
contents can be poured out. Its 
bottom is perforated, and a 
powerful blast of air can be 
blown through the holes. The 
principle is to run a charge of 
molten cast iron (often straight 
from the blast furnace) into the 
converter and blow air through 
it. The carbon, the silicon, the 
sulphur, phosphorus and man- 
ganese all burn in ihe air blast 
and produce oxides. These go 
off as gases or combine with 
the lining to make a slag. 
Almost pure iron is left, and 
to turn this into steel some 
spiegeleisen, a sort of cast 
iron, rich in manganese and 
carbon, is added. This brings 
the composition of the liquid 
mass to die right proportions 
for mild steel, namely about 
98. 5 % iron, 0.4% carbon, 0.9% 
manganese, 0.1% silicon, 0.1% 
phosphorus, 0.06% sulphur. 

On pp. 240-245 some ac- 
count was given of the way in 
which electricity is made fo 
aluminium manufacture. The 
process of manufacture now 
demands our attention. Alu- 
minium occurs in the form of 
bauxite — impure aluminium 
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hydrosdde. This coounonly contains a &ir proportion iron and it is 
most io^ortant diat little iron should be present in the final product. 
The bauxite is heated with caustic soda imder pressure which 
toms the aluminium into soluble sodium aluminate Na^i04 
while iron oxide and other impurities ate undissolved. The cleat 
solution is run off and, as it cools .decomposes and deposits pure 
aluminium hydroxide A 1 (OH)3 which is filtered off and heated 
leaving pure al uminium oxide AljOf. 

The furnace is, in principle, like the electroplating bath, 
illustrated in Fig. 168. It consists of a large open tank lined with 
carbon. Carbon resists high temperatures and as it conducts 
electricity can be made the cathode of the cell. The negative pole 
of the dynamo is connected to it. The bath contains melted 
“cryolite” (sodium aluminium fluoride). This is not used up 
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Fxg. 387. — ^Manufactuie of Aluminium. 


appreciably; it is the solvent, like the water which dissolves the 
copper sulphate in out plating cell. The heat of the current keeps 
it mffltffH The anodes of the furnace, connected fio the positive 
pole of the dynamo, are of carbon also. The pure aluminium 
n x id** , mflH<» from the bauxite, is added from time to time and 
dissolves. The electric current decomposes it into alu m i n iu m 
which appears at the cathode — ^the furnace-walls — and collects in 
a molten condition on the floor of the furnace; and oxygen which 
combines with the carbon anodes and produces carbon monoxide, 
which bums at the surfiux. 
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As a final illustiatioa of the way a metal is won from its ores, 
we may take the example of copper. Copper is found as copper 
pyrites, made up of compounds of sulphur with copper and iron, 
TTie problem is to get copper without any sulphur or iron. If the 
ore is not too poor, this can be done by the agency of the air 
alone! The ore is charged into a small blast furnace with some 
sand and just a litde coke. 

The ore has two things in it, cupric sulphide— one atom of 
copper to one of sulphur— and iron sulphide, one atom of iron to 
one of sulphur. The latter bums more easily, and produces 
sulphur dioxide (p. 672) and iron oxide; this, with the sand makes 
iron silicate which melts to a slag. The copper sulphide loses 
some sulphur and makes cuprous sulphide (two atoms of copper 
to one of sulphur). This melts too; so (just as in iron smelting) 
a layer of melted slag floats above and a pool of melted cuprous 
sulphide (“matte”) lies beneath. This still has a little iron in it. 

The slag is run off first; then the liquid matte is run into a 
converter lined with silica and air is blown through. All the 
sulphur (except a trace) bums to sulphur dioxide; nearly all 
the iron goes to iron slag just as in the blast furnace. The copper 
remains behind and is cast into blocks. It is not pure enough 
for electrical purposes, so it is usually refined by the method 
described on page 302. 

We have said a good deal about the way metals themselves 
behave in Chapter IV. Perhaps no more need be said here. 
The metals, however, have a great many most important com- 
pounds, and some of these must be discussed. A few, such as 
salt and caustic soda have been mentioned already. 



CHAPTER XXIX 


A Few Compounds of Metai^ 

CORROSION 

O NE of the chief practical merits or demerits of a metal is its 
freedom from or liability to corrosion. By corrosion we mean 
the gradual eating away of a metal caused by its change into a 
compound of the metal and some other element, such as oxygen. 
Now, a metal in use will certainly be exposed to moist air, almost 
certainly to liquid water. It may even have to be heated to a 
red heat in air. So, a metal in use is exposed to oxygen, water 
and carbon dioxide. In towns, it also suffers from attack by 
sulphuretted hydrogen and very dilute sulphuric acid (p. 673) 
boA derived from coal; near the sea, it also has to withstand salt. 

No metal or alloy except chromium, stainless steel and gold 
and platinum will withstand these conditions in the cold: at a 
red heat, only gold and platinum remain untarnished. Indoors, 
metals corrode very slowly because they are kept dry. Out of 
doors, only chromium and stainless steel and, of course, gold and 
platinum seem to be permanent. Copper and lead have a very 
long life indeed, however. Some lead roofs are hundreds of years 
old and still keeping the weather out. 

It is very unfortunate that iron, the most useful of metals, 
suffers so badly from corrosion and rusting. The iron and steel 
made yearly exceeds a hundred million tons; its value is nearly a 
thousand million pounds: the fate of nearly all of it is to be 
destroyed by rusl. So, naturally, a great deal of scientific research 
has been centred on ^ding out why iron rusts and how it may 
be, at any rate partly, prevented from doing so. 

«9J 
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Two very simple experiments show what rust is. If you knock 
a chunk or two of rust off an old tank and make it ted hot in a 
strong test tube, you see a dew of moisture condensing on the 
cold glass. Chemical tests prove this to be water. If you heat the 
dry rust in a current of hydrogen gas and pass the issuing gases 
through a U-shaped glass tube cooled by an ice and salt mixture, 
you ^d that water condenses in the U-tube and a black powder 
is left in the heated tube. This powder is iron, as you can show by 
attracting it with a magnet. Now, you put hydrogen 
in and get water H ,0 out, so the rust must contain iron, oxygen 
and (from the first experiment) water. It is actually a mixture of 
iron oxide and iron hydroxide which is what we should expect 
since it arises from iron, air and water. 

Now, iron won’t rust if it is dry (yoiir 
pocket knife doesn’t rust): it won’t rust 
without air, for if water is boiled till all 
the dissolved air has been carried away 
with the steam, iron will not rust under pe^O, Fe(OH), 
it as lone as air is kept out. So, air _ . 

ana water are needed for rustmg. tun of these. 

Iron rusts much more quickly in weak 

solutions of salts or acids. Everyone knows how soon iron is 

corroded in sea-water. 

Finally, pure iron rusts fat less than impure iron. This is a 
little difficult to illustrate, but it is often possible to see that 
blacksmiths’ work (chains, hinges on gateposts, etc.) made of the 
purer wrought iron, lasts much better than the cast iron of rain- 
water pipes, door scrapers, etc. 

It has now been fairly well worked out why rusting takes 
place. The villains of the piece are the currents of electrons 
caused by one part of the iron being different from another. 
Turn back to page 295; you will see that where two diffirent 
metals (carbon acts like a metal in this respect) touch in presence 
of a liquid which conducts electricity, a current of electricity 
flows and one metal changes into ions and dissolves. In the 
Leclanch£ battery, the zinc changes to ainc ions and electrons 
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flow through the wires from the 2inc to the caxbon. Now, 
suppose we have a chunk of cast iron with a speck of carbon — 
a very common impurity — embedded in it. And suppose this 
has a drop of water, impure enough to conduct electricity well, 
sitting on it. Suppose the impurity is a trace of salt— any other 
impurity of the kind will do. What happens? The iron atoms 
lose two electrons each and so change into “ferrous ions” which 
dissolve in the water. The electrons flow round, through the 
metal, to the carbon where they turn the sodium ions into 



Stage I. Electrons (bottom) flow from 
iron atoms to the speck of car- 
bon (black). The iron atoms turn 
into iron ions (marked with cross) 
which dissolve. The positive ions 
begin to migrate to the carbon and 
the negative ones to the rest of the 
metaL 



Stage Il« The electrons each turn a 
sodium ion into a sodium atom. 
This with water (p, 665} gives a 
sodium ion. a hy^oxyl ion and a 
hydrogen atom. 



Stage m. The hydroxyl ions formed 
in State n, the iron ions, and oxy 

g m from the air all meet and make 
rric hydroxide — rust. 

Fig. 589. — Rusting of iroa 
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sodium atoms. The sodium atoms and water give sodium ions 
once more, hydroxyl ions, and hydrogen (p. 663). Now the 
ferrous ions meet the hydroxyl ions and some oxygen from the air 
and all three combine and make mr/, iron hydroxide. Fig. 389 
may make this clearer. 

It is, perhaps, rather a complicated story, but it is not difficult 
to remember that for rusting is needed air, not quite pure water, 
and something to make an electric current in the iron. That 
something may be a speck of carbon or of some metal less easily 
corroded than iron. You have probably seen iron railings set in 
lead corroded almost to nothing where they meet the lead, but 
fairly intact up above. The lead takes the place of the carbon 
in Fig. 389 and makes the iron rust faster. Differences in the 
liquid in contact with the iron can cause a current too. If a part 
of the iron is exposed to water and plenty of air and another 
part to water without much air, a current of electrons goes from 
the protected part to the exposed part, and so the protected part 

rusts more than the other. This causes 
a great deal of trouble, for it makes a 
rust spot corrode worst at the deepest 
part and so “pit” into a hole. 

To protect iron from rusting we 
cover it up. Sometimes paint is used. 
This, unless it is scratched or imper- 
fect, excludes air and water. Once rust 
gets to work in a scratch, it spreads, 
for under the paint there is little air, and in the scratch Acre is 
much air — so the corrosion is most rapid beneath the paint at the 
edges of the scratch. Other ways of protecting iron are galvanis- 
ing it— coating with zinc — and tinning it — coating with tin. 

To galvanise iron, it is cleaned and dipped into molten zinc. 
Chicken wire, corrugated iron, ordinary pails are all galvanised. 
This is a very good rust protection because zinc is only slowly 
corroded if diere is no acid about. And, best of all, electrons 
flow from zinc to iron. So, !f a scratch is made, it is the zinc 
that corrodes and until the zinc has all gone, the iron does not 



Fig. 390. — Iron rusts most 
quicUy at the deepest part 
of the spot, where air is 
scantiest. Hence rust piij it. 



PLATE XXXIV 



A glacier descending a valley: stream flowing from lower 
end. (By courtesy of Messrs. \i. Birkeland.) 



'J'he fire-pit f>f Kilauea. (^^hove) Photograph taken at 
night shf)wing cracks and glowing lava: (Jie/ouf) general 
view. (By courtesy of Mr. II. Wynne-Finch.) 
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rust. The trouble with galvanised metal is that the acid air of 
towns rapidly corrodes it away. In the country, however, it has a 
long life. 

Tinned iron stands weak acid well. Ordinary tins can be used 
for fruit: galvanised iron would be corroded through very soon. 
*‘Tins"* also have a brilliant appearance, while galvanised iron is 
dull. But once a tin is scratched it rusts far quicker in a wet 
place than unprotected iron, for the electrons flow from the iron 
to the tin whi^ acts like the carbon in Fig. 389. 

Stainless steel, so to speak, provides its own paint. Air and 
water convert its surface into a combination of iron and chromium 
oxides. These make a very thin coating which is invisible, 
transparent, waterproof and very hard: if broken, it forms again 
and seals up the hole. If stainless steel were as cheap as ordinary 
steel, nothing else would be used, but it is many times as 
expensive. 

An interesting half-hour can be spent looking at remains or 
Roman or earlier metal work. 

The iron and steel is almost rusted away. Bronze and copper 
are thickly coated with a green compound containing copper, 
sulphur (or chlorine) and oxygen. Lead is not greatly altered. 
Silver is black with silver sulphide, but gold shines out as 
brilliantly as it shone when the artificer beat it into shape. 

OXIDES 

Metals, in general, form compounds with oxygen called oxides, 
and with oxygen and hydrogen called hydroxides. They also 
form “salts,^* which are associations of positive metal ions 
(atoms lacking one, two or three electrons) with negative ions 
(atoms or groups of atoms with from one to four extra electrons). 
These salts are usually made from acids and metals, or acids and 
oxides. 

The oxides of the metals are quite important in their way. 
Most of them can be made by making the metal red-hot or white- 
hot in a good supply of air. ^ 
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They arc mostly earthy powders, absolutely unlike either a 
metal or oxygen! Some few are familiar to us. 2 inc oxide is the 
solid part of zinc ointment; one of the oxides of lead — red lead — 
colours pillar-boxes red. Tin oxide gives white glass the milky 
appearance familiar in lampshades, etc. Arsenic oxide is the 
‘‘arsenic’’ used as a poison and a weed-killer. Titanium oxide is 
used as a white pigment. Chromium oxide is the commonest 


M 



^10. 59X. — Vemeuirs ap- 
paratus for making 
rubies. (Courtesy of 
Messrs. Masson & 


green pigment. There are two common 
iron oxides. The red oxide is the chief 
constituent of rust and also of the useful 
ore of iron, haematite. When ground with 
oil it makes the familiar red-brown paint 
used on bridges, gasometers and places 
where cheapness matters more than beauty. 
The other is the lodcstone (p. 309), but is 
more familiar as the black scale seen on iron 
which has been made red-hot. Aluminium 
oxide is worth a few pounds a ton as 
‘‘bauxite,” used for making aluminium, but 
if crystallised and coloured with a little 
chromium oxide or iron and titanium 
oxides, it is worth thousands of pounds 
an ounce as ruby or sapphire. Naturally, 
as soon as chemists knew what these gems 
were made of, they tried to make them 
artificially. 

Attempts were made to dissolve alu- 
minium oxide in melted lead oxide and 
let it crystallise out on cooling: this method 
produced rubies: but these unfortunately 
appeared as very thin plates — useless for 
jewellery. 

The problem was solved by Vcrncuil in 
1904. He set up the apparatus shown in 


Cie.. Paris; from L$s 
AnnaUs d$ CbimU tt de 


Fig. 391, by which aluminium oxide with 
a trace of chromium oxide is made to fall 
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into an oxyhydrogen flame at over zooo® C. The powdered alu- 
minium and chromium oxides are put in a little box P with a wire 
gauze bottom. The tapping magnet and hammer (A, B, M) (like an 
electric bell) gently shake a slow stream of powder from it. Oxygen 
from a cylinder enters at O and coal gas at H. Where these meet they 
bum with an intensely hot flame: the powder travels into the flame 
with the oxygen, melts, and sticks to a little rod of alumina R 
and forms a mass of ruby. By shifting the supports by means of 
the screws K and V a pear-sloped mby can be built up. This is a 
true ruby crystal and can only be distinguished from the natural 
ruby by microscopic bubbles entangled in it 
The result of the process has been to decrease the popularity 
and value of rubies, since only experts can discover the imitation. 
Diamonds keep their price so well because any amateur can tell 
diamond from “paste.” 

But perhaps the most important of all asides is lime, the oxide 
of calcium. Calcium is a very common element. Most of the 
calcium in the world is in the form of vast masses of calcium 
carbonate. Calcium carbonate, whatever its source, is a pattern of 
calcium ions and carbonate ions; its lay-out appears in Fig. 59i<7. 
There is always one carbonate ion to a calcium ion, and so we can 
call its formula CaC03. In the drawing there would appear to be 8 
calcium ions to one carbonate ion. But the unit of pattern shown 
has its one carbonate ion to itself, whereas at each corner 8 “unit 
cells” meet and share a calcium ion, giving each a one-eighth share 
of 8 calcium ions, which is of course one such ion. It is interesting 

Fig. 59itf. — The unit cell of a 
calcium carbonate crystal. 

White circles are calcium 
atoms, shaded circles oxygen 
atoms, black circle carbon 
atom. The crystal is en- 
tirely made up of this 
pattern of atoms repeated in 
every direction. 

to note that the angles of the cleavage fragments of Plate II 
arc the same as those of the tiny “unit cell” here figured. Pure 
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calcium carbonate is pretty rare and rather valuable, for it occurs 
as beautiful water-white crystals of Iceland spar, which have 
certain optical properties which make them much sought after. 

The vast mass of it is foimd as billions of tons of limestone and 
chalk which have been entirely made by shell-forming water- 
beasts. It is also found crystallised as marble and one or two 
other minerals. Marble clearly started like limestone, but it is not 
very certain how it became crystallised. It may have been sub- 
jected to heat and pressure in the depth of the earth. 

You may object, however, that even if the improbable story 
about hills of chalk being made by sea-beasts is true, they must 
have got the calcium from somewhere. That is quite true. There 
is some calcium in volcanic rocks and “gypsum,’' calcium sulphate, 
is a common mineral: these probably supplied the calcium to the 
primaeval seas. It is not difficult to see that chalk was actually 
made by tiny sea shells. Plate ooo is a microphotograph of some 
chalk and the tiny shells are there for you to see. 

The first really important thing about calcium carbonate is its 
use as building stone: most houses which are not built of brick are 
built of limestone. Of our great cathedrals the great majority are 
of limestone: Winchester and Lincoln and Gloucester are good 
examples. Chalk is too soft for building, but the hard limestones 
are nearly perfect. They do not split like slate, they are hard 
enough to stand weather but soft enough to be easily cut and 
carved. They weather to beautiful and mellow colours. 

The second important use of chalk or limestone is to make lime 
which is used on the soil as a fertiliser, and in the building trade 
to make mortar and plaster. 

Lime is made by heating chalk. The simple old way was to dig 
a pit in the side of a hill and make a draught-hole at the bottom. 

O O ““ 

\/ + - 
[Ca]-H- C ► [Ca]+ [O]- + 0 =C =0 


O 
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The pit was filled with lumps of chalk and fuel: this was lighted 
and left to bum out. The chalk at 1000® C. and higher gave up its 
carbon dioxide gas and left calcium oxide, quicklime, behind. 

The lime often contained a little chalk and always some ash: but 
this did no harm. To-day, lime-kilns are towers rather like blast- 
furnaces. The chalk is fed in at the top. Producer gas and air are 
led into the tower about one-third of the way up and there burn 
among the lumps of chalk: the lime is raked out at the bottom. 

Quicklime is a bard, stony white solid: when it is wetted it falls 
to a soft white powder called slaked lime, and this is the sort of 
lime we use. It is made of two hydroxyl ions to every calcium ion. 

H 

+ . / + [OH]- 

[Ca]+[ 0 ]~-fO — ^ [Ca]+ 

\ [OH]- 

H 

Quicklime water slaked lime 

When this is ploughed or dug into the soil it does three things. 
It combines with the acids in a ‘‘sour’’ soil: most plants dislike an 
acid soil and thrive better if it is limed. However, some wood- 
land and garden plants, rhododendrons, azaleas, camellias, and 
many lilies thrive in an acid soil and perish where lime abounds. 
All English farm crops, however, prefer a non-acid soil. Lime also 
makes heavy soils lighter. Clay consists of minute grains of rock 
(usually sand) bound together by a sticky “clay-substance,” 
probably aluminium silicate. If a lime is worked into such a soil, 
it combines with some of the “clay-substance” and makes the soil 
less sticky. It also helps to release some of the plant foods like 
potash by turning them out of insoluble compounds that the .plant 
cannot use. 

Builders nowadays use lime-mortar but little. The old rhyme that 

“Lime and sand and water 
Make a very good mortar” 

is true enough, but mortar made with cement instead of lime is so 
much stronger than lime-mortar that a brick wall can be made 
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much thinner if cement-mortar is used: this saves the builder 
moneyl 

But plaster is sdll used for floors and ceilings, and this is very 
nearly the same thing as mortar. The builder makes plaster by 
slaking lime and mixing it with water, more or less sand and 
some cow-hair (to stop it cracking). This plaster of the con- 
sistency of mud, is used to line walls and ceilings. 

Why does it harden? First of all, it dries and hardens just like 
mud does. Mud walls are common enough in many parts of the 
world. But the carbon dioxide in the air takes a hwd too. It 
turns the wet lime into chalk and the chalk crystallises between 
the Ume grains and so binds all together. Plaster is weak stuff and 
very slow to set : it keeps in favour, however, because the possible 
substimtes are more expensive or, like Portland cement, cold and 
not porous enough, so that in certain states of the weather, water 
condenses on them and trickles down — a depressing sight. 

Plaster of paris is very useful for casts which need have little 
strength. It is made by gently heating gypsum or alabaster, 
which is a compound of calcium sulphate and water, till nearly 
all the water is given off. This gives a dry white powder. If this 
is mixed to a cream with water, it sets in five minutes to a hard 
mass of very fine interlacing needles of another compound of 
ralriam sulphate and water. 

Cement is the characteristic building material of tbe twentieth 
century, and its manufacture is a gigantic industry. The materials 
from which cement is made ate clay and chalk. Sometimes these 
are found ready mixed as “marl,” more often they ate separately 
quarried. These materials are ground with water so as to make a 
«-hin mud or “slurry.” This mud is fed into a rotary kiln, a huge 
cylinder as big as a factory chimney, 8-14 feet wide and from 150 
to 5 50 feet long. It is gently sloped and slowly rotates so that the 
slurry works its way from the top to the bottom. Into the bottom 
end a huge flame 40 or jo feet in length is driven by a pulverised 
coal burner. The hot end of the kiln may be at ijoo” C. This 
toasts the rhalk and clay to cement, which emerges as hard stony 
pfb blr* as big as marbles. It is now cooled and then ground. 



Fig. 592. — rotary cemcot kiln. 




ban-miU tuitabk for pulverising cement. (Courte»y 
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usuaUy in a tube mill, a strong steel cylinder partly filled with 
steel balls which, falling one over the other, rapidly reduce the 
cement to the finest dust. It is essential that it should be very 
fine and accordingly Standard Portland cement is ground 
until 95 % will go though a sieve with 28,900 holes to the square 
inch. 

The reason why cement sets is not really understood. It seems 
to dissolve slowly in the water and combine with it, forming other 
compoimds which crystallise out again as hard microscopic 
interlacing crystals. 

Everyone has seen cement used. It is only necessary to point 
out its great strength to indicate why the modern world is 
building in steel and cement. If its appearance could be made a 
little better without increasing its cost, it would put the crown 
on its merits. 

Lack of space forbids the discussion of literally hundreds of 
interesting compounds of the metals; soda, Epsom salts, alum, 
lead acetate, copper sulphate, arsenic ate a few of these. But 
chemistry is a science which mainly consists of innumerable facts 
just as physics mainly consists of a few principles and a great deal 
of reasoning. 

So, 1 must pass on to the study of the vast Earth beneath as, 
and the unimaginable immensities of space. 




PART V 

THE EARTH AND HEAVENS 


CHAPTER XXX 
The Earth as a Whole 

THE SCIENCE OF GEOLOGY 

O UR survey of Science has now reached its first stage. 

We have studied all the fundamental fectors; first, electrons, 
protons, neutrons, atoms, molecules, solids, liquids, gases and 
their heat-motions: secondly, energy in all its forms, especially in 
the form of radiation. In the earth, in the stars, in the body of 
man we have not discovered any other kind of matter or of 
energy: our material would, therefore, appear to be sufficient, if 
we apply it aright, to allow us to frame some working hypothesis 
as to the nature of the physical universe around us. There are, 
of course, many things on earth, in the heavens, and in our bodies 
which we do not understand; but so fiir science has not needed to 
suppose that any forms of matter and energy other than those we 
know of are to be found in them. 

Out first study, then, shall be that part of the universe nearest 
to ourselves — the Eardi. The study of its history and structure 
is termed Geology. This science, like most others, has both a pure 
and an applied side: thus it is not only exceedingly interesting but 
is also of the great practical value for the study of the earth’s past 
and present, and for the tracing of lodes of metallic ores, seams of 
coal, underground water and so forth. 

SIZE AND SHAPE OF THE EARTH 

In out study of the earth, our first task is to find its shape, its 
size and its weight. Men knew some 2,500 years ago tlmt the 
earth was a sphere, and this knowledge was never wholly lost. 

707 
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Aristotle gives many reasons for the belief, some good, some 
bad. Everyone knows to-day that the ^Vorld is round.^’ I 
suggest to you that, before reading further, you ask your- 
self why you believe it. The reasons usually given are the 
following. 

First of all, the earth can be circumnavigated. It is said that if 
you sail due westward, you will finally get back to the place 
from which you started. This is not so simple as it sounds. You 
can’t sail a ship due westward or in any direction continuously, 
because the land interferes. Moreover, if the north magnetic pole 
were in the centre of a fiat circular earth (Fig. 595), and a ship was 
sailed westward by the compass, it would come back to its starting 
pointl A better piece of evidence is that the curvature of the earth 

is obvious from the way a 
ship comes into sight over 
the horizon, first masts, then 
hull. This shows that the 
earth is curved, but not that 
Fig. 593. — Circumnavigation on a flat earth, i^ is a Sphere. The fact that 

the earth’s surface is limited 
and that you never come to the edge of it also shows that it is 
some sort of rounded solid. 



The fact that the force of gravitation is everywhere ap- 
proximately the same and directed vertically downwards shows 


the earth must be a sphere. 
Thus, if it were cake- 
shaped, as some of the 
Greek philosophers 
believed, a plumb bob 
(which would always point 



Fig. 594. — If the earth were a disc the plumh- 
bob would hang vertically only at its centre. 


to the centre of gravity) 


would hang at different angles to the surface of the earth in 


different parts. 

A really good piece of evidence, however, is seen when there 
\6 an eclipse of the moon. This means (Fig. 269) that the earth's 
shadow is thrown on to the face of the moon. Now, the edge of 
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the shadow is always an arc of a circle, and there is only one solid, 
which, however you may twist and turn it, always gives a circular 
shadow: this solid is a sphere. 

Lastly, we have the &ct that for every 2,000 miles you travel to 
the south, the polestar appears 30 degrees lower in the sky till, 
south of the equator, it is invisible. This could only happen on a 



On a flat earth the Pole*star, if enorm* On a spherical earth (right) 

ously distant (left), would not appear to at the end of each sue- 

shift as the observer travelled away from cessive journey of 2,000 

the pole. If it were not very distant miles southward from 

(centre) it would shift but each successive the pole, the Pole-star 

journey of, say, 2,000 miles would cause a sinks by ^o** and finally 

smaller shift than the previous one. The becomes invisible. 

Pole-star would nowhere be invisible. 

Fig. 595. — Evidence for a spherical earth* 

spherical earth. If the earth were flat and the Pole-star an enormous 
way above it, the Pole-star would seem to be ov&hcad wherever 
the watcher stood. If the Pole-star was fairly near, it would seem 
to drop in the sky as you travelled from the pole, but the first 
2,000 miles would make a much greater difference than the next 
2,000 and however fer from the pole you were you could still see it. 

The last piece of evidence shows us a way of measuring the size 
of the earth. Suppose we see a star exactly overhead at Harrogate, 
and at the same time a man at Winchester, zoo miles sou^ of 
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Fig. 396.— Measurement of 
the circumference of the 
earth. 


Hutogate, has to point his telescope T 
3® away from thevertical to see it. Then, 
since the angle marked X is obviously 
the same as the angle marked O, the 
angle from Harrogate to the centre of 
the earth and back to Winchester must 
be 5®. Now, a full circle is 560®, so the 
distance between Harrogate and Win- 
chester must be just of the circum- 
ference of the earth. Harrogate is aoo 
miles from Winchester; so 200 miles 
is 7777 earth’s circumference. 

Accordingly, the earth’s circumference 

is 200 X — = 24,000 miles. The chief 
3 

difficulty in doing this exactly is the 
measurement of the distance between 
two places a long way apart. The way 
this is done is a bit ^yond our scope. 
Error is also introduced by the fiu:t that 
the earth is not a perfect sphere, but 


for this corrections can be made. 


Measurements of this kind show that the earth has a radius of 


6,378,388 metres (3,963 miles) measured from equator to centre. 
From pole to centre it is less by ^^7, so that its shape is that of a 
sphere flattened a little at the poles. Of course, this radius is 
measured to sea-level, and in all these calculations it is supposed 
that the earth is periectly smooth and of sea-level throughout, 
which is not quite true. It is not far out though, for if die earth 
were reduced to the size of a football, the highest mountains 
would appear about as high as the thickness of three or four 
sheets of paper on which this book is printed, and the deepest 
gulfs of the sea would be a fllmofmoisture a litde thicker than this. 

The highest parts of the earth are obviously the continents and 
the lowest are the sea bottoms. These are arranged roughly like 
the sides of a tetrahedron, so that the earth can be thought of as 
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Fxg. 597. — ^Thc eatth •• a tetrahedron. 


very sUghdy flattened in the places whets the sides of a tetrahearon 
would come, and very slightly raised where the comers woula 
come. But the idea of a “tet^edral” earth fades rather when 
you realise that the flattenings and raisings would be invisible on 
a scale model the size of a football. 

The weight of the earth we have already discussed. It is 
approximately 6 X 10*1 (six thousand million million million) 
tons. Now, this is very neatly 6 x io»» grams. The volume of the 


earth can easily be calculated. It is -. x. (637,858, 800)*, that is 1.08 

5 

X 10*^ cubic centimetres. So, a cubic centimetre of the earth-stufl 
on an average weighs ^ ^ ^ — tr oddly 


enough, a cubic centimetre of granite or any average rock taken 
from its surfitce weighs less than three grams. The conclusion 
is that the earth must have a very heavy centre since its outside 
crust is so much lighter than the average of the whole; We 
shall see that there is a good deal of evidence that this is true. 


MOTION OF THE EARTH 


That the earth is rotating and also revolving in an orbit 
tound the sun appears &om the observation that every heavenly 
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object seems to be moving steadily across die sky. The position 
in the sky where the stars appear each night ccm be explained 
by supposing that the earth stays still and everything else is 
moving in a rather complicated way. It is much simpler, how- 
ever, to suppose that the earth moves and the stars (which we 
know for other reasons are enormously distant) are so far off 
that they seem still. A man in a balloon (which always spins 
slowly round and round) sees the whole world gently turning 
below him. He prefers to believe, however, that he is the one 
who is spinning. This is what the astronomers since Copernicus 
{c. 1530) have preferred to think about the earth. 

The most direct evidence that the earth is rotating is given 
by a large gyroscope which, as is explained on p. 169, keeps 
its axle pointing the same way however the earth which supports 
it may move. 

The earth spins on its axis at an apparently steady rate. No 
clock is accurate enough to check it: it is used instead to check 
the clocks. At the most, it may vary as much as a minute in a 
hundred years — speeding up and then slowing down. Probably, 
on an average, it is slowing down, and some measurements 
appear to show that each day is about second longer 

than the same day a year before. But this is probably an over- 
estimate. The earth is very probably 3,000,000,000 years old. 
There is evidence that the earth’s time of rotation has decreased 
by some four hours during geological time. This corresponds 
to an average increase of second, not second as 

above. 


The relation of the earth to its neighbours in space will be 



Pig. ^98.— How the indinacion of the earth’t 
axil causes summer and winter. 


mentioned later, but we 
may take for granted that 
it revolves round the sun 
and see how this explains 
the seasons. 

Granted then that the 
earth revolves in an orbit 
which is nearly a circle 
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with the sun at its centre, it is easy to sec why we have 
the alternation of summer and winter on which much 
of the world's weather depends. The axis of the earth, about 
which it turns, is not at right angles to the plane of its orbit, but 
is inclined at about 25 to it. Consequently, at one period of the 
year, the sun at mid-day is overhead in certain places north of 
the equator. The northern hemisphere then gets most of the 
sun, and it is summer there and winter in the southern hemisphere. 
Six months later affiairs are reversed. If the earth's axis were 
at right angles to the plane of its orbit, a perfectly equable 
climate without seasons would result. 

It would seem reasonable to expect that the axis of the spinning 
earth, like the axle of a gyroscope, would remain pointing in the 
same direction while the earth itself revolved. This is nearly 
true, but not quite, for the 
earth is slightly flattened at the 
poles. The sun is always 
pulling the ‘^bulge" of the 
equator towards the plane of 
the orbit. This makes the 
earth “precess" like a gyro- 
scope (p. 170), and its axis 
shifts round and round like a 
wobbly top, a complete wobble Fig. 399.--Thc earth as a gyroscope, 
taking 25,800 years. 

The axis of the earth now points only about i® away from the 
north-star. In the time of the Greeks it was 12® from it, and 
13,000 years ago it was 47® from it, and our neolithic ancestors 
must then have seen many of the stars which are now only 
nsible from southern latitudes. 
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The Air and the Weather 

THE ATMOSPHERE 

T he earth is obviously made up of three layers, a layer of 
gas — ^thc atmosphere: a layer of liquid — the sea: and a layer 
of solid — the crust. Within this ate further “layers” not visible to 
the eye. 

The atmosphere is of tremendous significance for geology. 
Without it, the earth would be like the lava fields of a volcano — 
hard contorted rocks. It is the air and its water vapour con- 
densing to form rain which has worn away the hard volcanic 
rocks into the sands, clays, slates from which arc derived the 
kindly soils on which plants, and the animals that feed on them, 
can live. It is sensible then to try to understand wind and cloud, 
rain and snow before considering the story of the rocks. 

A huge sea of air envelopes the globe. It is made up of some 
78% nitrogen and 21% of oxygen with 1% of argon, a variable 
amount (0-5%) of water vapour, and very small amounts of 
carbon dioxide and many other gases. It stretches above us for 
several hundred miles, though at great heights it is very “thin” — 
i.e. has a very low density, for it gradually thins out as we climb. 
At about 18,000 to 20,000 feet, i.e. i^to 4 miles, half the air, by 
weight, is below us and the other half above, The actual height 
to which we must ascend so as to leave exactly half the air below 
us varies from season to season and from day to day for it depends 
on the height of the barometer (see p. 150) as well as the tempera- 
ture distribution through the layers of air. It can however be 
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shown that the total weight of the whole atmosphere is about 
4,000,000,000,000,000 tons (i.e. 4 x lo^® tons). The weather 
depends to a great extent on the circulation of water between the 
surface of the earth and the atmosphere. It moves to the atmos- 
phere by evaporation and returns to the earth or sea as snow or 
rain. Some water then evaporates directly from the land whilst 
some returns to the sea in the rivers, as shown in Fig. 400. 



The amount of water actually involved in the cycle is difficult to 
assess but if the whole atmosphere contained only i % of water 
vapour it would contain 40 billion tons of waterl This Would 
cover the whole surface of the earth to a depth of 4 inches, a 
fair quantity to be in circulation, especially as some areas have an 
excellent supply available in the form of warm oceans. 

The air cannot contain an unlimited amount of water vapour 
but only amounts up to a fixed maximum — a sort of ^^controlled 
price* ^ — and this maximum depends on the temperature. Warm 
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air can contain more water vapour than cool air. If tlie amount 
of water vapour tends to rise above this maximum some of it must 
take up less room — that is, it must ^‘condense’’. When water 
vapour condenses in the atmosphere it appears as liquid water in 
the form of clouds, fog, or rain. If the temperature is sufficiently 
low it may appear as snow. 

When the air contains as much water vapour as it possibly 
can at that particular temperature it is said to be "'saturated.*' 
This is the condition which immediately precedes, and accom- 
panies condensation. Before the saturation stage the water 
remains in the vapour form and there is no cloud or fog. The 
actual amount of water vapour in the air is usually measured as a 
fraction of the amount which would be required to saturate the 
air at that temperature. This fraction, expressed as a percentage, 
is known as the "^relative humidity?^ When the relative humidity 
is high the air is near the cloud-forming state, and a little cooling 
is all that is needed to produce condensation. This is because the 
air at a lower temperature cannot hold as much water vapour, and 
an amount of vapour which is insufficient to saturate the air at 
say 6o® may be more than sufficient to saturate the air at 50®. 
The mechanism by which this cooling is effected is too difficult 
to discuss in detail here but suffice it to say that the cooling is 
brought about by the expansion which takes place when air 
ascends to higher levels where the pressure is lower (p. 140). That 
the process is a rapid one will be appreciated when it is realised 
that the unsaturated air cools by about 5 F. for every 1,000 feet 
of ascent, i.e. the temperature fell from 60® to 50® F. would be 
effected by a rise of less than 2,000 feet. After condensation has 
started, latent heat is liberated and the ascending air cools at a 
much lower rate (about 2.7® F. per thousand feet in the lower 
layers, but this figure increases with height). 

The exact mechanism by which rain is produced is still not 
satisfectorily settled though it is feirly generally accepted that 
unless ice-oystals, as well as water-drops, are present in con- 
siderable quantity in the cloud, rain or snow will not fell from it. 
So if rain is to start felling, the cloud must have its top well above 
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the level where the temperature is 32® F., which in summer may 
be over 10,000 feet. Undoubtedly the vertical height of the cloud 
has an important bearing on its rain-producing properties but it 
is not possible to state any short precise rule which would covet 
the case. We can say, then, that in order to cause rain, clouds 
must be fairly tall in winter and very tall in summer. 

Thus cloud is produced when moist air is made to ascend, and 
rain only occurs when the ascent is to a considerable height. 

Before considering the various ways in which air is forced 
upwards we must know something about ‘^air-masses’* and winds. 

AIR MASSES AKD WINDS 

The air is always in motion. Sometimes warm, moist air flows 
over the British Isles for days together, sometimes cold moist air, 
occasionally (in winter) cold dry air, and on all too rare occasions 
jin summer) warm dry air. These large quantities of air which can 
affect us for long periods are called air-masses. They originate in 
the calmer regions north of the Arctic circle, and also in the sub- 
tropical areas about 30® N. Lat. In the former case the air will be 
cold, in the latter, warm. If it has crossed much sea, it will be 
moist. The weather is nearly always the result of one of twe 
processes. 

{d) Air-Mass weather^ which is the effect on the air-mass of the 
land or sea surface over which it is flowing. 

{b) FroniaJ weather^ which results from the effect of one air- 
mass pushing another out of the way along what is called 
a Front. 

So, to understand weather we must know where the air has 
come from and by what route — in fact, we must understand 
winds. 

The pressure of the air, which we read off on the barometer, is 
different in different places at the same time. If the earth were 
stationary, the winds would blow directly from regions of high 
pressure to those of low pressure, but the earth’s rotation makes 
the motion more complicated. The general distribution ol 
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pfcssutc is as io Fig. 4®^» reason for this is not fully under- 
stood, but is due mainly to the continual rising of hot air over the 
equator and the continual descending of cold air over the poles. 
If the earth did not rotate, the winds at the surface would be as 
shown by the arrows in Fig. 4oii B, and at higher levels th^ 
would be in the opposite direction, so as to complete the dr- 
culation. 


i^orth Pole North Pole 



A.— Showing the actml dis- B.—Showing how the winds 

tfibution of the main would blow if the actual pres- 

ptessuic belts. sure belts (of A) existed on a 

non-roiatinf!, earth. 

But, in fert, the earth does rotate, and this has two results. 

(i) The air tends to move centrifugally from the poles along 
the surfece to the equator; the force acting on the air will 
be greatest at the poles and 2 ero at the equator. 

(a) The earth’s surfece is moving eastward at i,ooo m.p.h. at 
the equator and at decreasing speeds at places nearer to 
the Pole. 

Taken together the result is that air in the Northern Hemis- 
phere travels to the right of the direct path from high to low- 
pressure regions; in the Southern Hemisphere, to the left. The full 
<..irpl<inatton is bcyond out scope, but a simple example makes it 
dearer. 

Consider die ak flowing to the Equator from the N. (Fig. 
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401, B). At the equator the rotation of the earth tends only to 
drive the air vertically upwards; so there is a comparative calm. 
Suppose the inflowing air starts from a place (north of the 
equator) where the air, which is rotating with the earth, is 
travelling at 900 m.p.h. to the east. When this air reaches the 
equator we should expect it still to have an eastward speed, over 
and above its southerly one, of 900 m.p.h. But the equator is 
travelling at 1,000 m.p.L towards the east so the air is being “left 
behind” by the earth and thus appears to us on the earth to be 
moving in the opposite direction to ourselves, i.e. from east to 
west, just as the air to anyone in a train always appears, to be 
blowing in the opposite direction to the train’s movement. So 
the air moves from the north towards the west as well as to the 
south, and thus causes a N.E. wind. For the same reason the ak 
approaching the equator from the south becomes a S.E. wind. 

This argument is really too simple because the centrifugal 
force acting on the air alters as it moves from north to south; but 
allowing for this, the picture of the winds on a rotating 
earth which grew steadily warmer from the poles to the 
equator would be as shown in Fig. 402 which actually represents 
the “ Trade Winds ” and “ Westerlies ”. 


But even this is not true to the 
real facts, because the temperature 
of the earth does not increase 
steadily from the poles to the 
equator. In our own latitude in 
January the Atlantic ocean has an 
average temperature of 40® F., while 
Canada has temperatures of 0° F., 
and Siberia lower still. Moreover 
fluids rarely flow smoothly and so 
the moving air forms huge “eddies” 
often 1,000 miles across. These 
eddies are called “depressions”, 
and they are in fact the chief ftetors 
controlling the winds, and there- 


^ortn Pole 



Fig. 402. — Showing actual wind 
directions, resulting from the 
main pressure distribution 
combined with the effect of the 
rotation of the Earth. 
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Chart Vll.^Wind Circulation over the Atlantic for January-February (after Angot) 
Fig. 405. 


(By courtesy of Messrs. Blackie and 
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Chart VIII. ^Wind Ciroalatlon over the AtlanUc for Juljr*Au(ust (after Angot) 


Fig. 403^ . 

Professor Geddea, from the latter’s Mtttorohgy,) 
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fore the air-masses over the British Isles. A more detailed account 
is given later in this chapter of the depressions which affect Britain. 

The final outcome of these complex Actors is to produce a wind 
system like the one shown in Fig. 403. It will be noticed that 
there is feirly good agreement between the actual (mean) winds 
and the expected ones shown in Fig. 402. 

In the large low pressure regions winds seem to meet ‘'head 
on"'. The incoming air must go somewhere and, as the only 
escape for it is aloft, it ascends, and this ascent is accompanied 
by cooling and condensation, this is the reason why depressions 
give rain. Having ascended to 10,000-20,000 feet the air then 
turns outwards from over the depression and returns over the 
top of the incoming air. Really a low pressure area is a spiral 
of air constantly swinging in on a curved course, climbing, and 
spiralling out again. Here we find the explanation of the high 
level winds referred to as the Anti-trades. Here also is the ex- 
planation of the Asiatic Monsoon which is the result of Siberia 
being intensely cold in Winter and very hot in Summer. The heat 
in summer causes air to rise (by a normal upward expansion) and 
then to flow outwards at high level. This reduces the total amount 
of air over Siberia which means the pressure at the surface falls, 
i.c., a depression forms. Winds blow spiralling inwards to this 
depression and bring the warm moisture-laden air from the 
Indian Ocean into Asia. The mountains, together with the ascent 
in the depression, then cool the air and heavy rain is caused. 

The air has, probably, for many million years past, always 
circulated in this way, for the poles have always been colder than 
the equator, and the earth has always been rotating. The oceans 
have certainly existed for an enormous period and, therefore, the 
causes of rain have been at work throughout all geological time. 

If the ascent of the air which produces the cloud and possibly 
rain is the result of the movement of only one air mass, the 
weather is referred to as “air mass’ " weather. There are two impor- 
tant ways in which the air of a single air mass is made to rise: one 
is the forced ascent over mountain ranges and the other is by 
convection currents. 
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In Britain air is rarely forced to climb above z^ooo feet by high 
ground— the exceptions being in parts of Wales, the Lake 
District and Scotland. The result is that although in moist air- 
streams (especially those from the S.W.) much cloud is formed 
over mountains, it is rare for mountains in Britain to be the sole 
cause of rain, and the heavy rainfalls in the hilly districts are the 
results of the high ground intensifying some other effect. 

Convection currents (p. io8) are the chief means of raising air- 
masses. When air moves to Britain from the north it crosses a 
sea sui&ce, which gets steadily warmer as the air moves farther 
to the south. Thus the cold air is steadily heated from below 
whilst it is crossing the sea on the way to Britain. Heating in the 
Jower layers of a fluid causes convection (p, io8) and the ascent 
so caused produces cloud, as explained above. The upeurrents 
are vertical and the cloud is the familiar ‘‘cauliflower’ '-type known 
as ^'cumulus.^^ If the cloud is tall enough the top becomes 
“feathery”, forming what is called an “anvil-head” and showery 
weather results. The sea has no temperature change between day 
and night and convection is just as active at night as in the day- 
time. Over land however there is a marked &11 of temperature at 
night which prevents the convection occurring, so that in 
northerly airstreams (i.c. those between W.N. W. and E.N.E.) it is 
a common experience to wake up to a clear sunny morning which 
foils to live up to its early promise on account of convection 
clouds forming. On such days the clouds often disperse during 
the evening as the land cools again and a bright starry night 
follows. 


DEPRESSIONS 

A depression (or “cyclone” — though this term is now usually 
reserved for the more vicious storms of the tropics) is an area of 
low pressure, roughly circular or elliptical in shape. If the atmos- 
pheric pressure is measured at the same moment at a number of 
different places — and allowances made for the height of the places 
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above sea level — lines can be drawn through places which have 
equal pressures. These lines are called isobars. On a weather map 
the isobars look rather like the contour-lines on an ordnance 
survey map, and in &ct are subject to exactly similar considera- 
tions. A depression then will consist of a series of closed isobars 
with the pressure rising as one moves outwards from the middle, 
just as a valley is shown on a contour map by closed contour 
lines of which the height value rises as one moves outwards from 
the middle (see Fig. 404). But the depressions which affect 
Britain — in fret most other depressions as well — have a rather 
more complicated structure than this simple picture suggests, 
for there arc nearly always at least two, and often more, air masses 
involved in the same depression. 

The reason for this is that the depressions often origiiute over 
the Atlantic Ocean where, between latitudes about 40® N. and 
60® N., the warm moist air from the tropics meets the colder 
air from the poles. These two ait masses, known as tropical air 



Fig. 404. — ^Diagram of atmospheric pleasure 6 p.m. Dec. 8th, 
1935. Note winds blowing clockwise round high-pressuic 
areas, anticlockwise round low-pressure area. The arrows 
show direction of wind and, by the number of barbs, its 
intensity, (Courtesy of the Ait Ministry and of Tbt Tim*s.) 
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and polar air respectively, wage a constant war&re along their 
common boundary. Sometimes the cold air is victorious and 
succeeds in pushing the warm air back; sometimes it is the turn 
of the warm air to counter-attack. The actual boundary between 
the two air masses is surprisingly sharp, and it is because of the 
constant strife between the two air-masses that the boundary 
was called the ‘‘front’* by the Norwegian meteorologists, 
named Bjerknes, who discovered the effect. The “frontal 
theory” was published by these two men (fether and son) in 1918, 
when the word “front” had been constantly on people’s lips for 
four years. The front, or to give it its full name “the polar 
front” stretches right across the Ocean, across America and the 
Pacific Ocean and then becomes difficult to trace over Asia— 
though in theory it is a belt right round theNorthern hemisphere. 
It is along this polar front that most of our depressions form. 

The wind circulation of a depression in the Northern Hemis- 
phere is anti-clockwise because the air (which on a stationary earth 
would blow direct into the lowest pressure area) is deflected to 
the right, and thus flows round the depression keeping the lowest 
pressure on its left side. In addition to this motion the depression 
usually moves in the main global circulation, i.e. towards the 
N.E, Thus the tropical air from southern regions approaches the 
British Isles as a south-westerly wind, within the depression’s 
circulation. The cold air in a depression must be divided into 
two types. 

(1) That which is being pushed away northwards or north- 
eastwards (as a south or south-west wind) by the warm air, and 
which is not so much “cold” as “cool”, for it has spent some time 
in the relatively warmer latitudes of 40-60 degrees. Some of this 
air nearer to the centre of the depression will be taken right 
round the depression in the more violent circulation existing 
near the centre of such a disturbance. 

(2) Air fresh from the poles which is travelling, often swiftly, 
to the south-east, sweeping away the warm air ahead of it, thus 
replacing the muggy south-west wind by a very cold north-west 
wind. 
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Fig. 405. 


This threefold structure is shown diagranunatically in Fig. 
405, A. Thus in a depression we have usually two fronts: 

(1) Where the warm air gently rides up over the cool air — 
called a warm front because it is the front of the approaching 
warm air. 

(2) Where the cold air forces the warm air upwards violently 
— called the cold front because it is the front of the approaching 
cold air. 

Fig. 405, B shows this arrangement, with the isobars. At both 
of these fronts warm moist air is being made to rise — causing 
diminu tion of its pressure and consequent cooling by expansion 
which ultimately produces cloud and rain. 

The usual track of a depression takes the centre to tlie north 
of Britain or else over Scotland. Thus the line ABCD in 



600 •lOOOmilM^ 

Fig. 406. — ^Vertical section ABCD ftom Fig.405. 
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Figs. 40J and 406 represents the cross-section of weather 
experienced by most places in Britain when a depression is 
passing. The average weather sequence may be summarised 
shortly thus: 

The warm air slides gently over the cool air and a wedge 
shaped mass of cloud is formed along the whole front. The slope 
is gentle — like those found on ordinary railway upgrades (from 
I in 100 to I in 300). Fig. 406 shows this structure (with slopes 
greatly exaggerated). 

The cloud’s leading edge is usually joo to 1,000 miles ahead of 
the front and is thus 5-6 miles high (25,000-50,000 feet). This 
part of the cloud, being formed in very cold air ( - 50° to - 40’ 
F.), is composed of ice-crystals. These form the streaky or tufty 
cloud called citrus (mare’s-tails), which i« the first sign of an 
approaching depression: As the front approaches, this becomes a 
continuous sheet of ice-crystal cloud, cirmtratus, which may form 
the true halo, a narrow bright ring surrounding the moon or sun 
at some considerable distance. As the cloud thickens it becomes 
pale-grey, because ice-crystals have been replaced by water- 
drops; it is then known as altostratus. The sun appears watery 
through it, and soon is hidden altogether. Rain soon starts to fall 
from cloud now called nimbostratus (Lat. nimbus, a r^-cloud). 
The front is now within 100-200 miles, and rain continues until 
it is reached, which may take 4~8 hours. When the warm front 
reaches the observer, the wind veers south-west, the rain ceases 
or changes to a Ught drizzle and the barometer ceases to fell; the 
ait is now very moist and the clouds very low. 

Soon the cold front arrives and rain begins again Jsut does not 
last long. Sometimes the clouds change in the revise way 
(nimbostratus -► altostratus cirrus) but more often the warm 
air is violently thrust almost vertically upward and gives nse to 
“heap”, or cumulus clouds. If they grow very taU so ^t the tops 
extend to the ice-crystal level, the upper part spreads out into a 
beautiful wWte feathery structure shaped Ukc an anviL 
headed” clouds nearly always give heavy showers (sometimes 
thunder too), and arc called cumulonimbus. 
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ANTICYCLONES 

So far we have considered the more unpleasant and stormy 
weather, usually caused directly or indirectly by depressions. 
Occasionally we are affected by a region of high pressure which is 
known as an “anticyclone” (the opposite of cyclone). This leads 
to much more settled weather, for anticyclones move much more 
slowly than depressions and are generally not characterised by so 
much wind. In the central area there are found very light winds 
or calm conditions and clear sunny skies. Farther from the centre 
the wind increases and so does the amount of cloud. It is common 
— especially in winter — to find such cloud systems giving com- 
plete cover by both day and night, except very near to the centre, 
but there is no rain from this cloud. 

THE UPPER AIR 

All the effects we have so far considered take place at the 
bottom of the great ocean of air, i.e. in the lowest 5 to 8 miles. 
But the air continues for a great way beyond this; even at 
500 miles height there is still a little, and there is no definite level 
at which it can be said that the atmosphere ceases. 

The lowest region, in which the weather occurs, is known as 
the “troposphere”. The region immediately above it is known as 
the “stratosphere”. The upper air and a part of the stratosphere 
has been explored by the use of vast balloons supporting closed 
metal spheres with glass windows, such as the sphere used by 
Professor Piccard in his memorable pioneer ascent. Such an 
ascent might take us up some 14 miles; above this our journey 
must be an imaginary one, but the information we have is based 
on quite sound observations, made by the use of balloons that 
can travel to greater heights carrying radio apparatus which 
automatically broadcasts information about pressure, temperature 
and moisture. The messages are received by observers on the 
ground and in the last ten years our knowledge of the lowest 
twenty miles of the atmosphere has been enormously increased 
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(ythore) f\ horizontal “sill” of igneous rock overlying a sedi mentary rock. 
(Be/ow) A vertical dyke of igneous rock forced upward as a liquid lava 
through a crack in the overlying strata. 

(C!!rown copyright: By courtesy of the Controller of 1 1.M. Stationery Office, j 
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Photograph of the sun taken by calciurn light, showing flocculi 
and prominences. (By courtesy of J. Fivershed, lisq., Surrey.) 



A sunspot: a storm on the sun’s surface. (By courtesy of 7'hc 
Royal Observatory, Greenwich.) 
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by the use of such technique. The meteorological service for 
Great Britain alone liberates such balloons several times a day 
from a dozen or so places in the British Isles as well as from their 
weather ships on the Atlantic Ocean. 

Let us take an imaginarj^ flight upwards from the earth's 
surface. We reach the base of heavy rain clouds almost at once and 
for the first three miles or so arc in the region where the rain 
clouds form. If the weather is exceptionally bad these clouds 
may extend to five or six miles, or over the tropics to over eight 
miles. Just before we leave the troposphere we may pass through 
some cirrus cloud and once we enter the stratosphere the only 
weather effect we shall notice will be the wind which may easily 
be over 100 miles per hour. 

What happens to the temperature during our ascent? Once we 
leave the surface we should notice that the temperature falls fairly 
steadily until we reach the stratosphere, after which it becomes 
constant for a considerable height. In fact the stratosphere is 
defined as being the layer where this constancy of temperature 
occurs. The imaginarj' surface between the troposphere and the 
stratosphere is known as the tropopause and its height varies day 
by day, and depends also on the latitude and time of year. Over 
the poles the height of the troposphere is about 5^ miles whilst 
over the equator it is much higher — over 10 miles. The average 
value for our own latitude is 6| miles in summer and rather lower 
in winter, under exceptional circumstances coming as low as 
4 miles. 

The temperature of the tropopause over the poles is about 
- 40® F., whilst over the equator, strangely enough, it is much 
colder: about - 90° F. In fact the coldest place man can reach is 
at about 10 miles above the equator! If we are making our 
ascent over Britain the temperature in the stratosphere will be 
not far short of - 60® F., i.e. about 90® of frost I 

All the while we have been rising, the sky has been becoming 
a deeper blue shading into a rich indigo. As we go higher, fewer 
and smaller particles remain above us to scatter the sun’s light 
back to our eyes (p. 472). Nothing sent up by man— except 
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Fig. 407, — Illustrating the successive Uyers of the atmosphere. 


sounding balloons and V.2 type rockets —has been higher than 
14 miles, and they have brought back no reports of what they 
saw in the upper air. In airless space, the sky would probably be 
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dead black and sown with 

blazing stars. At about 20 

miles up we should reach a 

layer of air, where the ultra- T 

violet light from the sun turns 

a good deal of the scanty 

408.— Reflection of sound waves from 
oxygen into ozone. Oxygen the region of warm air. 

consists of pairs of oxygen 

atoms, ozone of triplets of these; and to turn oxygen into ozone 
needs much energy. Ozone absorbs a good deal of light (it 
is perceptibly blue): and the energy of the light warms it 
up: thus we have reason to believe the air here (above the 
stratosphere) is quite warm. This layer of warm air reflects sounds 
and affords the reason why loud sounds, like gun-fire, are often 
heard a hundred miles away, but not heard at twenty miles' dis- 
tance. In the 1914-18 war, gun-fire fr<»n the Western Front 
could often be heard in England when it was inaudible in France. 

Passing still upwards through the warm air — warm but so 
rarefied that down here it would be called a low vacuum — we 


finally — fifty miles up — reach a region where electrical pheno- 
mena begin. The Aurora Borealis shows its coloured streamers 
here and at higher levels. The Aurora is probably akin to the 
light which we see in a gas-discharge tube. A current of electrons, 
discharged from the sun and rushing unimpeded through empty 
space, ionises the rarefied air and the gas glows for just the same 
reason as it glows in the discharge-tube (p. 443). The fact that 
the aurora is seen chiefly towards the poles appears to be due to 
the effect of the earth's magnetic poles in directing the stream of 
incoming electrons. * 

Still higher is a region where these electrons from the sun 
are first meeting the air-molecules and ionising them. The 
atmosphere up here, sixty miles or so above the earth, is largely 
made up of ions with big electrical charges. It is this — the 
Heaviside-Kennelly layer— that reflects wireless waves just as the 
warm ozone layer reflects sound. It is only this reflecting layer 
that makes wireless waves travel round the globe instead cf 
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passing straight out into space. Beyond this region little is known: 
probably the air gradually thins out into the utter emptiness 
of space. 

The liquid layer that surrounds the earth need not detain us so 
long. The reason why the oceans are distributed as they are, is 
bound up with the question discussed in Chapter XXXIII, of why 
the continents are where they are. The seas have a circulation not 
altogether unlike the circulations of the lower air. The rise of 
warm water and the Ml of cold, the earth’s rotation and centri- 
fugal force, have their part in guiding them as has also the tidal 
pull of the gravitational force of the sun and moon. The sea is 
salt: this too must be discussed later under the heading of the age 
of the earth. 

Of recent years the science of echo-sounding (p. 388) has been 
greatly developed and we are now able to make continuous 
records of the depth of the sea from a moving ship. This shows 
that the bottom of the sea is very irregular. The beds of rivers 
often continue under the sea as deep canyons and even in the 
deepest layers, the bottom appears to be by no means the smooth 
plain we once thought it. 



CHAPTER XXXII 


The Interior of the Earth 

STRATA 

T he solid earth itself— what is it made of? Let us imagine 
ourselves taking a boring or sinking a mine shaft. We find 
that as we dig down we pass through many different kinds of 
rock. Chalk, clay, gravel, limestone, etc,, are encountered. We 
notice, however, that these are not scatteised about as irregular 
masses, but that as a general rule they lie in layers like a pile of 
sandwiches, so that a number of borings made in the same district 
encounter them in the same order. These layers we call strata. 
Let us suppose our shaft is to be sunk in London, say somewhere 
near Euston. We find a few feet of “soil” first, consisting of 
grains of sand and rock, a little clay-substance, some dark veget- 
able decayed matter or humus, probably some chalk. Beneath 
this is loam, a sandy clay, and some 20 feet down a layer of gravel, 
rounded pieces of flint. Only one thing smooths the rough flints 
we dig out of chalk into neat round pebbles, and that is the action 
of water. To anyone who has observed a river-bed, gravel is 
quite obviously stones worn by water. A few years ago in 
j^dsleigh Street near Euston, vast bones were dug out of this 
loam and gravel layer. They were those of \ mammoth, a 
primitive elephant-like creature which has been extina for a vast 
period of time, to be measured at least in hundreds of thousands 
of years. The gravel and loam, then, are water deposits, they are 
clearly very old and they were once at the surface, for not even 
a mammo^ can die twenty feet underground! 

Below this, we find London clay— equally obviously deposited 
by water- for we can find water laying down deposits of day 

7*7 
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all over the world to-day. Ezamioation of London clay by a 
teal expert — you and I would make nothing of it — reveals 
fruits and seeds converted into mineral matter. These are 
obviously the remains of ancient plants and trees, but, most 
astonishingly, of plants and trees something like Aose which 
grow in the Malay States to-day. When its clay was deposited by 
water London must have had a warm climate, per^ps even 
tropical. London was then the bottom of an estuary on whose 
banks flourished magnolias, redwoods, breadfruit trees, ferns, 
etc. We find, too, in the clay the remains of crocodiles, of queer 
toothed sea birds and of primitive mammals not very like any 
creature alive to-day but perhaps as much like the hippopotamus 
as any. As we shall see ^p. 741-744), it is possible to ascertain 
the date of most strata, and the London clay is probably some 
fifty million years old. We continue to dig and find that the 
London clay continues for some four hundred feet. Think for 
a moment of the vast lapse of time needed for a river to deposit 
400 feet of sediment. Continuing, we pass through 50 or 60 feet 
of sands and clays, which were evidently (from the shells they 
contain) laid down on an ancient sea bottom. Next, our boring 
enters ^e chalk and for 650 feet or so we penetrate the solid mass 
of tiny shells which we call chalk. We find in it remains of fish, 
sea urchins and extinct coiled shells — ammonites. These creatures 
lived perhaps 100,000,000 years ago. Under the chalk, we find 
some 300 feet of dark grey sandy clay, deposited firom some 
ancient sea and below this very ancient rock indeed, perhaps 
500,000,000 years old, with ancient sea shells and crustaceans 
embedded in it. No one has bored deq>er than this in London, 
for the borings are made by well-sinkers and at this stage an 
abundant supply of water is reached. But, we have every reason 
to believe that if borings were continued for a few thousand feet 
more, we should find ourselves drilling through granite or some 
such rock which shows no sign of having been deposited from 
water, which contains no remains of living things, and which 
looks to the man of science as if it was the result of cooling some 
molten mass of silicates (p. 658). 
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Orer latge ateas of the eardi 
it is the same stotjr. Dig down 
and you will pass through feet, yards 
or miles of “sedimentary” rock which 
bears obvious signs of having been 
deposited from water in some way. 
Beneath these is always rock whi(^ 
equally obviously has been made by 
the cooling of some molten mass. 
Sometimes this latter “igneous” rock 
can be seen to have thrust its way up 
through the sedimentary rocks: some- 
times the layers of rocks have been 
twisted, crumpled and overturned: 
but the genend rule is that you will 
find layers of rocks deposited from 
water overlaying layers of rock 
formed by cooling a molten mass 
consisting of silicates of the metals. 

These sedimentary rocks are of 
two chief types. The first includes 
water-borne debris of igneous or of 
older sedimentary rocks: these are 
gravels, clays, slates and sandstones. 
The second consists of the remains 
of creatures once living. Thus chalk. 



limestone and marble are made up “ ^ ~ “ 

of incredible numbers of skeletons 
or casts of minute water-creatures. 


The igneous rocks include granite, syenite, diorite, andesite, 
diabase, basalt and gabbro. These rocks vary considerably, but 
ate alike in being more or less crystalline masses of silicates and 
silica which have solidified from a molten condition. Rocks that 


have cooled slowly at a great depth have large crystals (granite is 
a good example); those ejected to the surface by volcanoes have 
cooled quickly and have either very fine crystals or none. They 
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are also roughly to be divided into the add type containing much 
quartz silica) and typified by granite, and the basic type containing 
little or no free silica. These are typified by basalt and olivine. 

So by digging deep enough you will usually come to a granite- 
like rock. It is not possible to dig deep enough to find what 
underlies this, but fortunately volcanoes supply us with specimens 
of the contents of the earth’s hot interior. 


VOLCANOES 

Volcanoes, in the widest sense, are the openings of **pipes” or 
channels which carry, or in the past have carried molten rock to 
the surface. A volcano is sometimes a great rift or crack in the 
level ground from which lava wells, but it is more usually a hill, 
small or great, with a crater or opening at the top through which 
lava, steam, dust and showers of stones issue when it is erupting. 
The hill itself is usually built of the materials which have issued 
from the crater; and these flowing or sliding down build up the 
beautiful cone shape so well seen in Mount Fuji, the subject of 
so many Japanese prints (Plate XXXIII). 

We have reason to believe that volcanoes are tubes communicat- 
ing with a layer of melted rock some twenty miles or so beneath 
the surface, because the lava which issues is usually of just about 
the same composition as certain of the igneous rocks. More- 
over, the ‘^pipes’* of old extinct volcanoes can be followed deep into 
the earth by mining. The Kimberley diamond mines are in the 
pipe of a long extinct volcano; this pipe has been followed down 
for several thousand feel, and shows no sign of ceasing. Also 
chains of volcanoes often follow the straight lines of cracks 
in the earth’s crust, and several cases have been studied where 
these lines are not far from twenty miles apart. Now, a solid, 
when bent, will not, as a rule, crack into bits smaller than its 
thickness (try it with toffee): so it is likely that the crust is some- 
where about 20 miles thick in some volcanic regions, though 
probably far thicker in other parts. A further piece of evidence is 
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that a deep mine often gets about i® C. hotter for each 100 feet, 
though the figure varies a good deal. Thus, a temperature of 
1,000® C. at which lava is soft, if not Hquid, should be reached at a 
depth of 100,000 feet — about 20 miles. 

Volcanoes commonly remain quiescent for long periods. 
Vesuvius did not erupt for several hundred years before the 
famous eruption whidi destroyed Pompeii and Herculaneum: 
so inactive was it, in fact, that the crater contained a lake and a 
wood in which wild animals abounded. The cause of an eruption 
is some sort of pressure from below, forcing the lava up the pipe. 
It does not seem very certain what brings this about. It is often 
thought that the sediment of rivers accumulating in the shallow 
seas which border the continents weighs down the overlying 
crust and so forces the lava up. It is notable that inland volcanoes 
are quite uncommon: almost all cluster along the coasts and 
islands, and many are under water! At any rate, there is a great 
pressure capable of forcing up the pipe a column of dense lava 
thousands of feet high. Now Java is not just molten rock: it is 
molten rock with quantities of gas — hydrogen, carbon dioxide, 
sulphur dioxide, steam, etc., dissolved in it under huge pressures. 
This gas exerts an enormous force for just the same reason that 
the gas from soda-water exerts a pressure in the syphon. At the 
beginning of an eruption the escape of both lava and gas may be 
impeded by a solid plug of frozen lava fitting the top of the 
volcanic pipe like a cork, and then — something has to go! 
Accordingly, a volcanic eruption often starts with a vast explosion. 
That of Krakatoa in 1883 was one of the most tremendous that 
has been recorded. The island before the eruption was some 18 
square miles in area, and rose to a height of i,4ooicet. Terrific 
explosions occurred and the island was torn asunder, and within 
two days nothing remained but a deep hole in the sea-bottom. 

The vast rush of escaping gas produced a detonation heard at 
Batavia, 100 miles away, and so intense a wave was created in 
the air that it travelled several times round the world before it 
died away. So much dust from the shattered rock was hurled into 
the air that the sky was black at midday 150 miles away, and the 
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finest patdcles filled the whole of the earth’s atmosphere. They 
rose to heights of fifty miles or mote, and by reflecting and 
scattering the sim’s rays produced magnificent sunsets all over 
the world, incidentally giving us a fine chance to track the winds 
in the upper ait. 

In the terrible disaster at Martinique, the compressed gas and 
steam, at a temperature little less than a white-heat, escaped by 
forcing a passage through a fissure which pointed down the side 
of the volcano of Mont Pel6e. The scorching blast of gas, steam 
and dust in a few seconds destroyed all but one of the 26,000 
people in the town of St. Pierre at its base. At Mont Pelde, 
later In the same year, the gigantic pressure of the lava and gas 
forced out of the crater a huge verticd column of rock a thousand 
feet high, three hundred and fifty feet in diameter, and weighing 
about eight million tons. Needless to say, these major feats 
are only performed when the lava and gas cannot get away 
otherwise. Often the side of the volcano is broken through. 
Fortunately, however, most volcanoes have their weak spots and 
after a few moderately violent explosions allow lava and gas to 
escape pretty freely. 

The material thrown from a volcano varies in composition, and 
may be acidic like melted granite, or basic like melted basalt; but 
instead of being in fair-sized crysnds like these rocks whidi have 
cooled slowly beneath the earth, it resembles a slag or may even 
take the form of obsidian (or volcanic glass). 

The volcano almost always emits great quantities of gas which 
rafrifts With it tock as Small particles (ash, sand, pebbles, or 
chunks) forming the volcanic ash or tuflF which covers large 
areas in volcanic regions. Showers of such ashes often cover the 
country for miles. The steam and ash make a vast eruption- 
cloud from which often falls a rain mixed with mud. When the 
lava or molten tock itself issues, it may be thick like pitch, and 
may solidify almost at once. It may, however, be almost as thin 
as water. By day, it usually looks black and dead, but by night it 
glows and forms a magnificent and terrible sight. 

A few volcanoes show a continuous but less violent activity; 
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the crater of Kilauea in Hawaii affords the best example. The old 
crater of Kilauea is some four square miles in extent. The floor of 
this crater consists of black basalt, which glistens like polished 
steel in the sunlight, and has solidified into a roughly flat mass, 
showing all sorts of strange, rope-like, twisted, and contorted 
forms in places. This four square miles of the crater-floor has 
not a blade of grass or the tiniest plant growing on it. It looks as 
desolate as some landscape in the moon. 

In the floor of this crater is a lake of melted lava some i8o 
acres or so in extent. The vivid description of an eye-witness^ 
may help the reader to visualise these phenomena (Plate XXXIV). 

"The great cauldron, over | a mile in «fiameter, is ringed with 
vertical cliffs of black basalt Some hundrefl feet or so below me 
the molten basalt churned and boiled. At one time I counted 


over twenty “fire-fountains” — caused by the explosive force of 
the issuing gases — which hurled up piUais of molten rock to a 
height of a hundred feet or more. The dull-red, surface scale of 
cooling lava was rent by innumerable cradcs, through which the 
brilliant yellow-red, molten rock could be seen swirling and 
bubbling. These cracks kept merging and coalescing, while new 
ones constantly broke out, often accompanying the genesis of a 
new fire-foimtain. While I watched (three hours) the whole vast 
surface of the molten lake steadily fell — ^being some forty to fifty 


feet lower at the end of my vigil 
than it had been at the beginning. 
This was my own estimate, and I 
should hesitate to record it had I 
not had it confirmed by the super- 
intendent of the Hawaiian National 
Park, who stood by me as I 
watched the descent of the burning 
lake. And all the time the seething 
movements of its surface, and the 
leaping of its fire-fountains, were 



Fig. 410. — ^The crater and fire-pit 
of Kilauea. 


‘ The author is indebted to Mr. H. Wynne Finch for this description, and foe 
Fig. 41a 
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accompanied by an indescribable, dull, droning roar, which I can 
liken to nothing else that I have ever heard. The heat, when one 
stood at the edge of this great volcanic pipe, was so intense that 
one had to use a mask of cardboard perforated with eye-holes; 
and my spectacles protected my eyes in some measure.’’ 

The gas dissolved in the lava often expands while the hot lava 
is of the consistency of dough, and so blows it out just as the 
carbon dioxide from yeast inflates the dough in bread-making. 
When such a rock is cold, it forms pumice stone, which is simply 
lava solidified to a sort of glass and inflated with a number of 
small air bubbles. The edges of these are sharp, consequently 
pumice is useful for rubbing away soft materials like wood or 
paint. Powdered pumice is much used in the coarser metal 
polishes. 

The volcanoes, then, present us with samples of the matter in 
the earth below its solid crust; and it appears that the interior of 
the earth contains hot melted rock, liquid enough to flow, and 
saturated with gases. The lava is apparently not very hot, not 
much hotter, as a rule, than a coal-fire, and usually not as hot. 
Presumably — since heat is always leaking outward — at greater 
depths than the bottom of volcanic pipes the earth is hotter than 
volcanic lava. Present opinion is that the temperature of the 
centre of the earth is between 2000® C, (the temperature of an 
electric light filament) and 3500® C. (the temperature of an 
electric arc); if so, melted rock, or “magma” as we call it, should 
be a thin liquid like melted glass. Now, if this were so, the sun 
and moon would raise enormous tides in the liquid just as they 
do in the sea; but there is no evidence of these tides. The earth’s 
surface rises and falls very little if at all, nor does the state 
of the moon make any great difference to the action of 
volcanoes. 

Moreover, earthquake shocks are transmitted by the interior 
of the earth as if it were a solid. An earthquake is a fairly super- 
ficial affair: the trouble that causes the shock is something in the 
crust of the earth, often not twenty miles below the surftce. 
Sometimes the cause is a “fault,” by which we mean that the 
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strata break and slip over each other: sometimes it seems to be a 
volcanic explosion. At any rate, it sets the earth shaking. 

Now a liquid can vibrate only in one way: it can transmit 
compression waves — sound waves in fact. 

A solid can transmit these too, but it can also waggle and 
vibrate sideways as does a tuning-fork. In this sort of vibration 
the solid bends and springs back the other way: a liquid offers no 
resistance at all to bending and so it cannot spring back. Now an 
earthquake-shock, say in New Zealand, sends waves of vibration 
through the whole earth. The experimental evidence is not very 
definite, but it seems that the outer parts of the earth, to 
about 1,000 miles down, behave like a rigid solid, but that the 
central portions behave like a liquid. 

We know very little about solids and licjuids under very great 
pressures. Even a hundred miles down the pressure is 750,000 lbs. 
to the square inch, and the highest pressures we have experi- 
mented with on earth are less than a fifth of this. The atoms 
of the "'magma’’ must be forced so close to each other that 
their outer electrons are very likely to interact in quite new 
ways. 

Our earth, then, has at the surface a mile or two of sedimentary 
rocks: below this, on land at least, is granite rock. The solid 
crust probably extends down for some 20 to 40 miles. Below this 
is very hot "magma”: this comes to the surface as a liquid lava 
which solidifies to a black basic rock resembling basalt or olivine. 
This is, roughly speaking, a silicate of magnesium and iron. 
While the liquid is still beneath the earth the vast pressure seems 
to keep the hot mass fairly rigid. It may be that the interior is of 
the consistency of pitch (p. 24) behaving as a solid to sudden 
blows or vibrations, but able to flow under long continued 
stress. 

Does this basic type of rock continue to the centre of the earth? 
Probably not. First, the earth is so dense (5.5 times as heavy as 
water) that it is unlikely that any pressure could compress igneous 
rock enough to give it this density. Secondly, we have good 
reason to believe that the earth is of much the same stuff as the 
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other planets and that all of this stuff came from the sun. Now 
some of the meteorites or shooting stars which burn in our upper 
air and sometimes reach the ground are supposed to be fragments 
of an exploded planet. Whatever they are, they must be samples of 
star-stuff. Now meteorites are of three types. First, they may be 
stony, much resembling a sample of igneous rock; secondly, and 
most commonly, they may be made of metallic iron with a propor- 
tion of nickel, while a few arc composed of both rock and iron. 
Now, if meteorites are fair samples of the stuff the earth is made of 
there must be a lot of iron in it. Iron has a density of 7.8. Accord- 
ingly, if there is much iron in the earth, it is 
likely to be in the centre of it: this iron would 
account for the density of the earth being as 
high as 5.5. 

We suppose then that there is, below the basic 
layer of magma, a stretch of basic silicates mixed 
with iron, and at the centre a sphere composed 
chiefly of nickel and iron. No one has any 
idea how iron and nickel would behave under 
a pressure of a hundred and fifty million pounds 
to the square inch, and an enormously high 
temperature. They would probably be utterly 
unlike anything known to man. This theory is 
not the only one held. It is believed by many 
that below the basic magma there is a layer of 
heavy liquid sulphides of metals. 

Why is the interior of the earth hot? It was at 
Fio. 411.— A see- ont time believed that the earth, originating 
Thc^^^af row ^ glowing matter ejected from the 

black line repre- sun, had simply cooled ever since, and that the 
aents the sedi- heat of its interior was solely the residue of its 
th^dotted^ kyer Original patrimony. Since the discovery of the 
b^cn^h^^The elements (p. 545) it has become clear 

oatw* ot the these are continually giving out energy in 
deeper layers is the earth^s interior. The interior is so vast and 
oLta^yk^^! the means of escape for the heat through 
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miles of poorly conducting crust is so inadequate, that it is 
believed by many that the earth’s interior is har^y cooling 
at all and will not do so until the radioelements have largely 
decayed. As these are formed from uranium and thorium 
which will not be seriously diminished in quantity even after 

2.000. 000.000 years, the earth’s internal heat is likely to last for 
a period at least as long as its past life. We may think of the radio- 
elements in the depths of the earth as equivalent in heating power 
to a vast furnace burning some 80,000 tons of coal a second. The 
earth in its early days certainly cooled down rapidly; but opinion 
is still divided as to whether the earth is slowly heating up, 
cooling down, or neither. 

THE CRUST 

The part of the earth which most concerns us is the top two 
miles of the crust, which are chiefly composed of sedimentary 
rocks. Such rocks as shales, sandstones, slates, clays, and so on, 
have all been made directly out of fragments of the igneous rocks. 
Limestones, chalk, etc., are composed of calcium carbonate 
which marine organisms have obtained from sea-water. This 
calcium, however, must ultimately have come from primitive 
igneous rocks. In sandstones, you can recognise the grains of 
quartz which probably were once a part of granite or other 
siliceous rocks, and in slates magnified by the microscope, we 
can recognise flakes of mica which come from the same source. 
We therefore believe that the sedimentary rocks have mainly been 
made from the igneous ones, by wind, water and ice. 

We suppose then that many million years ago the earth was a 
globe of igneous rock which had just become c^ol enough for 
water to exist on it in the liquid state. How long ago was^ this? 
Some of the oldest sedimentary rocks can be shown by their 
uranium-lead ratio (pp. 741, 742) to have been deposited about 

1.800.000. 000 years ago. Perhaps, then, it was some two thousand 
million years ago that geological history really began with the 
first condensation of water. Naturally, the date is not at all 
certain, but is unlikely to be as much as 500 million years out. 
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Nobody knows where the continents and oceans were in 
those distant times: there is much reason to suppose they were 
very differently placed from the present positions. Volcanoes 
often have a good deal of salt and iron chloride and other 
materials incrusted in their craters: so very probably the earth, 
before rain first fell, had much soluble material on it. The first 
torrential rains must have washed this away, and so formed salt 
oceans in the lowest parts of the earth's crust. With the formation 
of seas the circulation of winds and the seasonal rains must 
have begun. The water flowing off the higher ground formed 
rivers in the valleys. The torrents carried with them volcanic 
dust and loose stones, which wore both themselves and the 
river beds to mud and sand which the water carried out 
to sea. 

Water soaked into porous rocks. When frosts first occurred 
the water changed to ice and, in doing so, expanded, splitting the 
stones. Expansion in the hot sun and contraction in the cool of 
the night gradually cracked and split the rocks; and rain and 
rivers carried the fragments to the sea. Winds carrying dust 
and sand rasped and polished and wore away the hills. The 
sea, no less tempestuous then than now, battered the coasts 
and broke away boulders, smashed these into pebbles and wore 
them to sand. 

The speed with which rocks are worn away might be guessed 
at from the fact that some of the external ornaments of St. Paul's 
cathedral have weathered half an inch or more in three hundred 
years. ^ The forces which will eat away half an inch of rock in 
three hundred years will, as a matter of arithmetic, eat through 
more than a hundred miles of the same rock in the time since 
water started to act on the earth. 

Wind and water then are the agents that have shaped the 
surface of the earth: to them we may add ice. A glacier is a mass of 
ice, usually filling a valley. Ice flows very sluggishly, as if it were 
a very viscous liquid, and consequently a glacier moves very 

^ The air of London is, it is true, exceptionally corrosive. On the other hand, 
the stone of St. Paul’s is a fsdrly resistant one. 
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slowly down its valley — perhaps a few inches in a day. Its weight 
is enormous, and it grinds the loose rocks beneath it against the 
valley floor and most effectively wears away the rocks to stones, 
sand and mud which is carried away by the streams of ice-water 
which flow from under it (Plate XXXIV). 

The fragments are carried down by the rivers into the sea. 
The coarser grains sink very soon as sand. Further out, very 
much finer material deposits as mud, but very little of the 
material brought down by the rivers gets far out to sea. Most of 
it deposits quite near the land. Far out at sea the bottom is 
made of a ^e red or grey clayey material and the deep sea 
oozes, consisting of the casts of minute organisms. These sands, 
muds and oozes ultimately were hardened by the pressure of 
other rocks forming above them, and by warmth and drying, 
and finally became slates, shales, Umestonci, and siliceous rocks 
like “diatomaceous earth.” 

Perhaps in the earliest and primitive sea there was no life, and in 
the deepest and most ancient rocks no remains of living things are 
found. So, in the ancient ocean which laid down these earliest 
rocks there was no living thing with a shell or a bone or any 
part hard enough to leave an impress on the mud. There may 
have been soft microscopic creatures like modern bacteria: we 
cannot tell. . . . 

It stands to reason that if the sedimentary rocks were deposited 
from the sea the oldest should be at the bottom. One might 
think that it was only necessary to dig down and record what one 
found in order to get a complete record of rocks from the mud 
deposited in the Thames yesterday to the Archaean rocks two 
thousand million years old. , 

But this is unfortunately very far from true. First of all, the 
earth has always been rising and falUng throughout geological 
times. Sometimes the rise or fall is sudden, as when a huge tract 
of land near Bombay, the Rann of Cutch, sank several feet in the 
earthquake of 1819, and was consequently converted into a 
shallow salt morass or lake, which has, however, since been 
largely filled up by wind-bome sand and dust. Sometimes 
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the rise and fall is gradual. If the change is but a millimetre a 
year it will amount to some three thousand feet in a million 
years — ^no great time, as geologists reckon it. 

Suppose now that the ocean bed rises and carries up with it a 
few thousand feet of water-deposited shale or sandstone. No 
sooner is this in the air than the forces of wind and rain begin to 
destroy it once more, and send it back as mud to the ocean. So 
most of the sedimentary rocks have not survived at all. They 
have been lifted from the ocean beds and denuded away. None 
the less, the geologist can piece together the story. In one 
part of the world the most ancient rocks are preserved: in 
another are rocks of another period, and by comparing the 
different strata of different areas of the world he can say with 
tolerable certainty that the chief sedimentary rocks were 
originally formed in a certain order, however much they 
may have been since disturbed. 


THE AGE OF THE ROCKS 

For a long time, the geologist knew only the order in which 
the rocks were deposited. Thus, he knew Silurian slates were 
laid down before the Devonian and the Carboniferous strata, and 
these latter before the chalk. Only recently have we got a pretty 
close idea of the age of these strata. Astronomy indicates that 
the solar system cannot be much more than 3,000,000,000 years 
old, as is indicated in pp. 812A-B. Again, in order to make a 
rough guess at the time when water first appeared and sedimenta- 
tion began, we may say (i) all the salt in the sea came into it via 
the rivers. (2) There are 32 x 10^^ tons of salt in the sea. (3) The 
rivers bring down 39X10* tons of salt a year. Consequently, 
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they have been doing it for i ^ about 80,000,000 

397X10® 

years. 

But, unfortunately, we have really no idea whether the rivers 
brought down more or less or the same amount of salt in the past, 
and we do not know how much salt finds and has found its way 
into the sediments the ocean deposited. So we only get a rough 
guess, indicating from fifty to several hundred million years, for 
the age of the ocean. 

In the rocks, however, there is hidden an accurate clock if we 
can read it aright. If you turn back to the table on p. 548 you will 
see that the atoms of the radioactive element uranium break down 
and that by a series of changes each uraddUm atom ultimately 
becomes eight atoms of helium and one atom of lead. An atom of 
uranium weighs 238 units and an atom of the isotope of lead we 
get from uranium weighs 206 units. 

Now the “half-life period” of uranium is 4,500,000,000 years, 
so out of any quantity of uranium you take, one half will change 
into lead and helium in 4.5 X 10® years. 

Now suppose a kilogram of a mineral when formed contains 10 
grams of uranium and no lead. After 4.5 X lo® years it would 


contain only 5 grams of uranium and 


5 X 206 
238 


= 4^^ grams of 


lead. After another 4.5 X 10® years, half of this uranium will 
have disappeared, so 2.5 grams of uranium will be left and 
grams of lead will remain. Thus, the proportion of uranium to 
lead will depend on the age of the mineral^ by which we mean the 
time which has elapsed since it started with pure uranium and no 
lead. « 

The trouble of the method is that there are very few minerals 
which do not contain some ordinary lead which has not been 
manufactured by uranium. However, the lead which uranium 
makes has atoms weighing 206 units each and ordinary lead has 
12 atoms weighing 206 units to every 8 atoms vreighing 208 
units. So the process is this. Extract all the uranium from, say, 
a kilogram of the mineral and find its weight. (W grams.) 
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Extract all the lead from the mineral and find out what pro- 
portion of its atoms are 206 units in weight^ and what proportion 
of them are of 208 (and other weights). Knowing the proportion 
of 2 o8’s and others to 206’s in ordinary lead^ deduct from the total 
2 o6’s enough to go with all the 208’s to make ordinary lead. 
These atoms came from the lead originally in the mineral. The 
rest of the 206's (P grams in weight) were made from the uranium. 
From the ratio W /P we can calculate the age of the mineral, as 
shown on p. 741 

Another way is to find the ratio of uranium to helium. 238 
grams of uranium by decomposing make 32 grams of helium, and 
there is not likely to be any helium in the mineral to start with. 
So by weighing the uranium and the helium a ratio can be got 
which tells how far the uranium has got with its decomposing, 
which ratio tell us how old the mineral is. The trouble is that 
helium is a gas, and we do not know how much is trapped in the 
mineral and how much in the enormous periods of geological time 
finds its way out. The result of studying the order in which the 
strata were laid down and measuring their age by the uraniiun 
methods gives an extraordinary picture of the vast antiquity of 
the earth. The oldest strata are nearly two thousand million years old. 
No one can picture this, but a few comparisons might help. 
Imagine yourself with the faculties of a god, able to picture a 
man’s whole life in the space of a second. Then you would sit 
for a year, night and day, before you had pictured the story of the 
earth. The life of a man bears the same proportion to the age of 
the earth as a blink-of-an-eye to a monthi Suppose a super- 
sluggish snail, travelling as slowly as the hour-hand of a watch, 
had set out on his travels then. He would have crawled a hundred 
million miles by now, four thousand times round the earth. 

Now these waterborne strata, of the age of which we now know 
something, contain fossils; shells and bones and imprints of living 
creatures. These must have lived at the time of the deposition of 
the strata in which they occur. Naturally, the remains are scanty. 

^ There are at least two good ways of doing this which 1 have not space to 
explain. 
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Dig about in an ordinary field and see how many bones of birds 
and rabbits you can findl Only a very few of earth^s past inhabi- 
tants have been preserved in the rocks, but the work of the last 
hundred and fifty years has pieced together, from their remains, a 
very fair notion of the creatures that lived in the remote youth of 
the world. 

The table which follows gives a notion of the rocks of the chief 
geological periods, showing the order in which, if undisturbed, 
they are found: their age and the kind of creatures that are found 
preserved in them. In each of these periods several different 
kinds of rocks may be formed. Column 3 mentions one or two of 
the most typical. 


Period. 

Age in 
millions 
of years. 

Some rocks of each 
period. 

Inhabitants. 

Archaak 

1800 

Sands and slates and 
clays, baked or 
melted by the hot 
magma below. 

None. 

Proterozoic 

1000 

Limestones and sand* 
stones. 

The presence of some car- 
bon and much-altered 
limestones makes it 
likely that living crea- 
tures existed. 

Cambrian 

500 

Slates of North Wales. 
Some sandstones. 

Crustaceans rather like 
large woodlice, a few 
shells, sponges and 
worms and water- 
plants in the sea. No 
evidence of land crea- 
tures. No fish. 

Ordovician 

450 

Shales and a few 
limestones. 

The chief fossils are 
graptolites, a sort of 
colonised animalcule 
allied to the sea-firs 
and jellyfish. Abun- 
dant life in the sea but 
no fish as yet. 

The sea was full of corals 
and sea-lilies related to 
them. For the first 
time fish appear. The 
first back-boned crea- 
tures. First remains of 
plants on land. 

Silurian 

400 

Shales, rich in fossils; 
limestones. 

(Wcnlock Edge is 
Silurian limestone.) 

i 
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Most typical ate the 
Old Red Sandstone 
(a land deposit, 
probably hardened 
blown sand) and 
some limestones. 

The chief coaLBelds of 
the world. The 
limestone of many 
English hills (the 
Pennines and Men- 
dips). 


Sandstone laid down 
on land. 


130 Slates and limestones. 


Chalk is the most 
characteristic. 


London clay. 
“Crag*’ beds. 


Giayels, boulder cla3rs 
and other stur^ce 
deposits. 


Inhabitaota, 


The Old Red Sandstone 
shows remains of quite 
large tree-like plants — 
giant mosses and 
horse-tails. The lime- 
stones show abund- 
ance of true fish. 

The first land animals, 
spiders and other in- 
sects and amphibious 
reptiles of no great 
size. Huge forests of 
mosses and horse-tails 
which form our 
modem coal. 

Bigger reptiles are found 
on land and later the 
first mammals appear 
on land. 


The age of giant reptiles 
up to a himdred feet 
and more in length. 
Birds first appear and 
flying lizards. Mam- 
mals ace still small. 
In the sea, the spiral- 
shelled ammonites 
lived; corals were 
abundant. 

The giant reptiles are 
fewer. Mammals and 
birds become mote 
numerous. Flowering 
plants appear. 

Mammals and birds be- 
come bigger and more 
numerous. The fami- 
liar animals like horses 
and elephants and 
monkeys become 
recognisable. 

Many of the biggest 
msunmals disappear. 
Man appe^ in the 
last ten million years; 
and in the last ten 
thousand yew of the 
period dominates and 
transforms the world. 
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Here is one source of the idea of Evolution. The ancient 
rocks have few, simple and almost mindless species. As time goes 
on, more complicated, more adaptable and larger-brained 
creatures appear — culminating in Man, that strange beast which 
has discarded the weapons of teeth and claws and speed and 
armour, and by adapting himself to the world and adapting the 
world to himself, has enslaved or subdued almost every creature. 

Evolution must be considered from the point of view of 
biology rather than geology. But it must never be forgotten that 
the idea of Evolution is not based on mete theoretical argument. 
It is based on the succession of creatures in the rocks, dated by the 
uranium clock! 


THE CRUMPLING OF ROCK 

The strata ate not always found in the order in which they were 
laid down. Picture a large flat jam-tart made with a layer of 
pastry, then with a layer of red jam, then another layer of pastry, 
then a layer of yellow jam and so on. This might represent the 
strata as first laid down. Now, suppose it lay on the kitchen table 
waiting to be cooked and someone gave one end a steady slow 
push. The soft pastry would first go into hummocks, then folds, 
and finally would be bimdled into layers in which the jam and 
pastry would take quite a different order. 

Tids is just what has happened to the Earth’s surfece. Huge 
forces have raised it up, lowered it and, above all, thrust it side- 
ways and in places utterly confused the pattern of strata. Not 
only is the pattern of strata altered but even the stpicture of the 
rocks. A slate has often been crushed under the vast weight of 
overlying rock until the lines of cleavage along which it splits are 
no longer parallel with the ocean bed on which it was laid down. 
Such a rock is said to be altered. A further stage is found when 
pressure and heat have altered even the texture of the rock. 
Limestone may be transformed into hard crystalline marble 
which may bear little, if any, sign of its watery origin. 
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It is easy to 
see then that 
if the crast of 
the earth were 
slowly and 
powerfully 
pushed in one 

Fig, 412. — ^How the order of the strata is altered bf folding. direction, the 

Strata would 

be bent into hummocks and finally into folds. The strata in Figure 
412 were laid down in the order C, B, A. Now, suppose the rocks 
were folded as in the picture and then denuded by wind and 
weather down to the dotted line EF. If we then sink a boring 

GH we find the strata in 
the order (going down- 
ward) C, B, A, B, C instead 
of ABC as we should ex- 





FiG. 413. — ^Thc effect of a sideways thrust 
(i) Fold; (2) Overfold; (3) Overthrust, 


pect. Even folding of this 
kind does not exhaust the 
possibilities of a thrusting 
force. One stratum may 
be slid over the top of 
another. The stages are 
first a fold (i) then an 
overfold (2) then an over- 
thrust (3). 


This process of thrusting has made most of the big mountain 
chains of the world. Mountains like the Alps (the best studied of 


all mountains) have not been pushed up from below. They are 
not even, as some people would think, the effects of or remains of 


volcanoes.^ They are a huge pile of sheets of rock which have 


been forced on top of each other by tremendous pressure main- 
tained for several million years. Naturally, they have been 


1 Some gteat mountain chains, like the Andes, may be topped with volcanic 
rocks, for the strain of lifting and crumpling may crack the crust and cause volcanic 
action. 
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intensely eroded — cut away — by ice and water, and to this much 
of their shape is due. But the rocks that are to-day the peaks of 
the Alps were for the most part laid down originally in the sea 
and have been forced one over the top of the other till they look 
down on the world from ten thousand feet or more. It has been 
reckoned that this amount of folding means that the crust must 
have been pushed through a distance amounting to perhaps 
fifty or even a hundred miles. The question of where these fifty 
or more miles of crust came from and what force raised them is 
interesting and still doubtful. To account for the raising of the 
world^s mountains an area as big as Mexico must have been 
used up. 

The oldest theory, which is still quite widely held, was that the 
earth was cooling internally, and as its centre contracted, its fairly 
rigid skin became too small for its centre and so became folded 
and creased like the skin of a shrivelled apple. There is no 
evidence that the crust of earth is cooling appreciably. If 
2,000,000,000 years ago, it was solid and cool enough to allow 
water to rest on it, it can hardly have been so greatly hotter than 
it is now. The internal heat of the earth slowly leaks away to the 
exterior and the earth’s hot interior therefore slowly contracts, 
so withdrawing its support from the crust. The latter being 
strong and rigid remains still and rigid until the stress becomes 
too vast. It dien begins to crack and crumple, so raising vast 
mountain ranges. This weakens it, and in a period short com- 
pared with geological time, it settles down upon the hot core. 
The cracks melt up and become soldered together and the crust 
becomes once more rigid. Thus there are, as the rocks show us, 
alternate rapid periods of mountain-building, times of vast 
earthquakes, landslides and catastrophes, followed by long 
quiescent periods in one of which the earth is now. Some 
geologists, however, believe that this theory is not enough to 
account for the raising of the Alps, let alone the Himalaya. Some 
altogether new cause has to be found for these huge thrusts and 
crumplings: we shall see that Wegener’s theory of floating 
continents (p. 754 flf.) helps to supply this. 
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Folding is not the only reason why strata do not lie in the 
positions in which they were found. Faults in the rocks arc very 
common: in fact, few strata are free from them. A glance at 
Fig. 41 $a shows what is meant by a fault. The rocks have been 
forced up or slipped down along a sharp &ce. Faults are a 
great nuisance to miners. They may be following a seam of coal 
when they reach a fault: the seam ^sappears and a considerable 
search may be needed before its continuation is found. 

Faulting, the sudden 
breaking of strata and 
falling of countless thou- 
sands of tons of rock, is 
the chief cause of earth- 
quakes. It used to be 
thought that earthquakes 
were caused by volcanic 
eruptions: however, the 
worst earthquakes fre- 
quently occur in non- 
volcanic districts. A really 
serious earthquake usually 
involves a large tract of land being suddenly raised, lowered or 
thrust sideways for a distance of some ten to thirty feet. The 
shock of the sudden movement sets the earth vibrating. An 
earthquake is one of the most terrific of human experiences. 
Bveryone testifies to a peculiar terror felt when the solid ground 
rocks beneath diem. The description by an eye-witness of such 
an earthquake is more valuable than anything whidi can be 
written by one who has never experienced an earthquake. 
The following account^ was written by an observer of the Indian 
eardiquake of June izth, 1897 — an earthquake so violent and 
widespread as to level almost every brick or stone building in 
an area litde smaller than England. 

“At j . X 5 a deep rumbling sound, like near thunder commenced, 
apparendy coming from the south or south-west. . . . The 

^ Fiom A Study o/Ktant ErnrtbqmkUt DftTitoo. (Walter Scott Pub. G>., 1905.) 



Fig. 4x34. — A trough £iult. Part of the suata 
hat downwards. (Courtesy of 

Messrs. (Charles GrifBn & Co., Ltd., from 
Park’s Gwhgy. 
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rambling preceded the shock by about two seconds . . . and 
the shock reached its maximum violence almost at on ce ^ in the 
course of the first two or three seconds. The ground began to 
rock violently, and in a few seconds it was impossible to stand 
upright, and I had to sit down suddenly on the road. The shock 
was of considerable duration. ... It produced a very distinct 
sensation of sea-sickness. . . . The feeling was as if the ground was 
being violently jerked backwards and forwards very rapidly, every 
third or four^ jerk being of greater scope than the i ntftrm <»rliat>» 
ones. The surface of die ground vibrated visibly as if it was tna>l<» of 
soft jelly; and long cracks appeared at once along the toad. . . .” 

Another observer writes of the same earthquake that it pre- 
sented “the aspect of a storm-tossed sea widt &e difference that 
the tmduladons were infinitely more rapid than any seen at sea.” 
These waves in the earth’s suiftu% frequendy crack at their tops — 
for the groimd has no toughness or elasddty— <uid fissures open. 
It is these fissures which so often and horribly swallow up the 
victims of such catastrophes. Near the sea earthquakes are often 
made mote destructive by tidal waves and by the sinking of tracts 
of land beneath the water. A witness of the destructive earthquake 
at Port Royal, Jamaica, in 1692, writes: 

“The morning of this dreadful day was very fiiir and clear, 
affording no suspicion of the ieast evil, but in the space of three 
minutes about half an hour after eleven in the morning, Eort- 
^jal, the fairest town of all the English Plantations, the best 
Emporium and Mart of that part of the world, exceeding in its 
riches, plentiful of all good tUngs, was shaken and shattered to 
pieces and stink into and covered for the greatest part by the sea. 
Few of the Houses that stood were left whole. So <hat by them 
falling, the opening of the Earth and the inundation of the waters, 
it is reckoned there were lost fifteen hundred Persons. The 
Sunday after, the Minister preached to them in a Tent, not daring 
to venture among the shattered Houses, the People were over- 
joyed to see him among them and wept bitteriy when he Preached 
to them. It was a sad sight to see ^ that Harbour, one of the 
fairest and goodliest in all America, coveted with the dead bodies 
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of People of all conditions, floating up and down without burial, 
for the great and famous Burial-place called the Pallisadoes, was 
destroyed by the Earthquake, and the Sea washed the Gircases 
of those that were buried out of their Graves, their Tombs being 
dashed to piece by the Earthquake, of which there were hundreds 
in that place. Multitudes of Rich men were utterly ruined, whilst 
many that were poor, by watching opportunities and searching 
the wrack'd and sunk Houses, even almost while the Earthquake 
lasted, and terror and amazement was upon all the considerable 
People, have gotten great riches. From St Anns there was 
news that above a thousand acres of Wood-land were turned into 
the sea and carried with it whole Plantations, but no place suffered 
like Port-Koyaly where whole streets were swallowed up by the 
opening of the Earth, and the Houses and Inhabitants went down 
together. Some of them were driven up again by the Sea which 
arose in those breaches and wonderfully escaped. Some were 
swallowed up to the neck, and then the Earth shut upon them 
and squeezed them to death, and in that manner several were left 
buried, with their heads above ground, only Some Heads the 
Dogs had eaten. Others were covered with dust and Earth by 
the remaining people to avoid the stench. Great bellowing and 
noises were heard sometime after in the Mountains, which made 
them apprehensive of an eruption of Fire; but thanks be to God, 
no ill Event hath yet succeeded." 

If these displacements of the earth's surface by a few feet at 
a time reduce us to such straits, how will mankind fare when the 
next great period of mountain building raises a range like the 
Alps or Himalaya? 


MINERALS 

We have talked so far as if all the crust consisted of sedimentary 
rocks as an upper layer and igneous rocks below. It is, however, 
very common for molten igneous rock to be forced up into the 
sedimentary rocks and there to solidify. It may penetrate along a 
fault, in which case it forms a flat, more or less vertical sheet 
called a “dyke." When the surrounding rocks are softer they 
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are weathered more easily than the dyke, which tlien sticks up 
like a wall. The molten material may also penetrate between the 
strata making flat hori2ontal sheets called “sills” or sometimes 
irregular lens-shaped masses (Plate XXXV). These sills and 
dykes, etc., are sometimes accompanied by valuable minerals. 

So far we have talked as if the common igneous rocks like granite 
and basalt, and the sedimentary rocks made by their decay, were the 
only important rocks. The mineral ores which arc valuable as the 
source of our metals are of the utmost importance to us but are 
really quite rare. Estimates have been made of the quantities of 
the various elements in the earth’s crust. The table which follows 
shows the amounts of the different elements in parts per million. 
We start with the remarkable fact that the earth’s crust is about 
half made out of the gas oxygen and about a quarter made of 
silicon. The other 88 elements only make up a quarter between 
them. 


Average Composition 

OF THE Earth’s Crust* 



ONE MILLION 

PARTS CONTAIN 


I Oxygen 

492,000 

15 Sulphur 

600 

2 Silicon 

256,700 

16 Barium 

400 

3 Aluminium 

75,000 

17 Chromium 

330 

4 Iron 

47,100 

18 Fluorine 

500 

5 Calcium 

33,900 

19 Nitrogen 

300 

6 Sodium 

26,300 

20 Strontium 

200 

7 Potassium 

24,000 

21 Nickel 

zoo 

8 Magnesium 

19,300 

22 Vanadium 

160 

9 Hydrogen 

8,700 

23 Copper 

104 

10 Titanium 

5,800 

24 Zinc 

39 

II Chlorine 

1,900 

25 Lead 

. 20 

12 Phosphorus 

1,100 

26 Arsenic 

5 

13 Manganese 

900 

The other 64 elements* 

3,844 

14 Carbon 

800 

1,000,000 


^ After Dr, Henry Louis following F. W. Clarke. , 

® These arc not included in the list because they arc unimportant or difficult to 
analyse or negligible in quantity. 
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G}nsider sudi an element as copper. Less dian one part in ten 
thousand of the “magma” from which rocks arc formed is nude 
of copper; but great masses of copper ore containing from j to 
50% of copper are found in various parts of the world. How did 
this ore sort itself out of the magma? 

These ores of metals usually fill up cracks in the rocks — 
“faults” — or else they form masses which appear to have pushed 
their way among the shattered rocks. Often a “vein” or “lode” 
of ore runs up a fissure and pushes branches in between the 
layers of sedimentary rocks showing that it was injected into the 
crack as a liquid. The commonest ores of metals are sulphides — 

combinations of the 
metal with sulphur. 
Iron, lead, zinc, 
copper, nickel, anti- 
mony, mercury and 
a good many other 
metals are very com- 
monly found as veins 
or masses of mixed 
sulphides. The very 
difficult and not wholly settled question of how these ores 
separated out from the magma can hardly be put in a few 
sentences. The best way to think of the matter is to consider the 
original hot melted magma as containing all the elements in the 
table on p. 751. Now a mixture like this contains a great variety 
of molecules: aU sorts of compounds of these elements can be 
formed. We can think of the magma, then, as a hot solution of all 
manner of oxides, stilphides, silicates, etc. As it cools, chemical 
compounds — minerals — ^will crystallise out as soon as the 
gradually cooling “solution” becomes saturated (p. 8j) with 
them, just as sugar oystallises out of honey. First, there 
separate the minerals of the common elements — silicon, oxygen, 
aluminium, iron, magnesium, sodium, potassium, calcitun, etc. 
Thus, on cooling the magma, crystals of quartz (i.e., silicon 
oxide), of mica (potassium aluminium silicate often with iron 
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and magnesium), of felspar (potassium or sodium aluminium 
silicate) come out and constitute granite. These crystals leave 
behind a liquid rock containing all the less common elements, and as 
it cools, further compounds of these may separate as solid 
crystals or as molten liquids (as oil separates from water). 

Probably these sulphides like iron pyrites and zinc blende are 
the remains of huge masses of liquid magma from which all the 
common elements have already separated as granite or some other 
common rock. 

Some ores have been deposited from water. Very hot vrater— 
under great pressure and frr above its normal boiling point — 
certainly occurs in the depths of the earth. Such water has a 
vastly increased solvent power and is believed to dissolve certain 
materials out of igneous rocks and deposit them in the veins along 
which it flows. Many important ores must have deposited in this 
way, for they are decomposed at any tempetature which could 
occur in the molten magma. 



CHAPTER XXXm 


Floating Continents 

T WO great problems have been left unsolved. First, what 
force crumples the earth’s crust and raises the mountains? 
Secondly, why is the land and water of the globe distributed in 
huge masses — oceans and continents— instead of being dotted 
about anyhow? 

The answer which has attracted much attention and con- 
troversy in recent years is Wegener’s theory of Drifting Con- 
tinents. There are several grave objections to it, but it links 
together so many facts so suggestively that it deserves discussion, 
though not an unreserved acceptance. 

In the first place, we have seen that it is pretty clear that the 
continents are normally made of sedimentary rocks on a granite 
foundation. This granite foundation may be from ten to thirty 
miles thick. The deep oceans, on the other hand, under their 
negligibly thin sedimentary layers have a basaltic floor. Of course 
it is impossible to take samples of the rocks beneath the oceans, 
but we have some indirect evidence. Small oceanic islands 
usually have a basalt foundation. Moreover, the pull of gravity 
is a little more at sea than on land, which would be accounted 
for if the heavier basalt (roughly three times as heavy as water) 
were beneath the sea, and the lighter granite (two and two-third 
times as heavy as water) were beneath the land. Now land- 
volcanoes frequently and island volcanoes almost invariably 
produce lava of the basaltic kind; so it appears that there is basalt 
underneath the granite. We thus get a picture of continents of 
granite testing on, and partly submerged in, a layer of basalt. It 
is believed, then, that ^e lighter granite continents are actually 
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PLATE XXXVII 



Total eclipse of sun, showing corona, (By courtesy of The 
Wrkes (Observatory, Wisconsin.) 



A part of the moon’s surface. Note craters, in some cases with 
central cone, (Bv courtesy of The Mount Wilscm Observatory, 
California.) 







PLATH XXXVIII 




The planet Saturn. (By courtesy of 
J. H. Reynolds, Ksq., Birmingham.) 
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floating in the heavier 
basalt magma just as a 
cork floats in waterl 
Now anything which 
floats displaces its own 

weight of fluid: that is 4i5--~Ploatmg block of wood, showing re 
^ . I lation of emergent portion to submerged 

to say It rises to such a portion. 

height that the amount of 

the liquid which it has pushed out of the way is equal in weight to the 
whole of the thing which floats. Fig. 41 5 is a picture of a wood block 
of an area nine square feet and depth of one foot floating in 
water. The water weighs 62.5 lbs. per cubic foot, the wood 
weighs 50 lbs. per cubic foot. 

The block is clearly 9 cubic feet and weighs 9x50= 450 lbs. 
So it pushes 450 lbs. of water out of the way. 450 lbs. of water is 
4 JO -7- 62.5 cubic feet. The water pushed out of the way by the 
wood, forms a block 3 feet X 3 feet in area and say d feet deep. 
Then, 3 X 3 X ^ (nine times d) is its volume and this must be 
450 -r 62.5 c. ft. The depth d then must be a ninth of this, i.e., 
450 4- 62.5 -r 9 feet = I of a foot. So our wood block would 
float with \ out of the water and | in it. 

Now we have seen that there is some reason to believe con- 
tinents are blocks mainly of granite, and with a mean thickness of 
twenty miles. 

Granite weighs 2.65 X 62.5 lbs. per cubic foot. Basalt weighs 
3.0 X 62.5 lbs. per cubic foot. The sea averages about 
miles in depth and weighs about 65 lbs. per cubic foot. It is not 
difficult to sec from this that it can be calculated how high a 
granite continent 20 miles thick should float above sea-level. It 

works out somewhere about 
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2,000 feet, which is nearly 
right for some continents. 
We arc, of course, uncertain 
about the thickness of the 


Fio. 416. — How ft giftfilte continent (d..2.6j) 
might float in basalt magma (d. 3.0). 


granite under a continent, 
so our calculation is bound 
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to be uncertain: but it is significant that the answer is not far 
from the truth. 

This theory would account for several things. First, it makes it 
easy to account for the rise and fall of land which is always going 
on. If sediment was being rapidly deposited in the shallow edge of 
the sea, the weight would sink that part of the continental shelf 
and allow room for more sediment to deposit, and so allow for the 
laying down of very thick layers of rock which, we find, arc 
formed without filling up the seas. Secondly, if the continents 
are floating on the basaltic magma as icebergs float in the sea, they 
may driftl This notion of drifting continents is the theory of 
Wegener. 

Of course such drifting would be very slow, for the con- 
tinental masses would be floating not in thin water but in thick 
pitchy magma. We cannot find any force adequate to cause this 
drifting: this is a serious objection to the theory, but not a fatal 
one, for we are very ignorant about all that goes on more than a 
couple of miles below the surface. L,et us rather see if there is 
evidence that such drifting has really occurred or is occurring. 

The first piece of evidence is very easily appreciated. The cast 
coast of the Americas if slid across the globe would fit really 
quite simply into the contour of Europe and Asia. Labrador and 
Baffin Land would fit snugly on to Greenland. So North America 
and Greenland could be pushed across to fit against the coast of 
Europe. Now if this were done, not only would the coasts fit 
well (allowing for millions of years of raising, lowering and 
erosion) but the rocks would fit. Strata which are found in 
Norway and Scotland would join up with similar strata in 
Labrador. Just the same is true of the rocks of England, France 
and the U.S.A., and also of South America and South Africa. 

All these facts then fall into place if we believe that at one time 
Europe, Africa and the Americas were joined, probably in the 
tertiary period, 60 million years ago, and have since drifted to their 
present positions. A motion of two or three inches a year is all 
that is needed to do it. If we believe in this drifting it gives us a 
very possible explanation of the force which has raised the great 



Floating Continmts 

mouataios. The great mass 
of Africa has drifted north- 
ward from its original 
position by the south pole 
and met the vast mass of 
Europe. It has driven the 
whole crust of the earth 
northwards for fifty miles 
or more and so raised the 
huge mountain masses of 
the Alps and Gtucasus. 

India has drifted north 
against the mass of Asia and 
raised its southern edge 
into the vast but not very 
ancient range of the 
Himalayas. 

Wegener supposes that 
a continent as it drifts will 
raise its forward edge, 
which feels the strain most, 

into the folds of mountain Fig. 417. — ^The continents as they may ha-ee 

ranges. He believes that the (‘°P) 

Americas drifting rapidly 15^000,000 years ago. (After Wegener.) 
west from Europe and 

Africa have raised the Rockies and the Andes by this onward 
thrust. 

Not only does this theory eicplain the shapes of the continents 
and the position of their great mountains, but Jit goes far to 
explain the animals which inhabit them. 

First of all, a number of the less active species which would 
be barred by great mountain ranges or seas inhabit the southern 
continents and not the northern, while other species inhabit the 
northern and not the southern. If we believe that the continents 
have not been separated in a fairly recent geological period, we 
are forced to believe that these creatures have been able to 






75* The World of Science 

distribute themselves across wide ocean but not across the smaller 
obstacles of small seas or of mountain ranges. Thus it is well 
known that pouched animals, “marsupials,” are usual in Australia. 
They are also (in the form of pouched opossums) found in South 
America. 

The lemurs too are in Africa, India and the Malay region, but 
not in North America or in Asia north of the Himalaya. It 
seems that definite separate fauna in the northern and southern 
continents existed before the continents were separated. Since 
then there has been much migration: but there still remains a 
number of differences following the line drawn along the 
Himalaya, Mediterranean and the junction of North and South 
America. 

This theory of drifting continents may soon be tested by 
actually measuring the drift. The change of a few inches a year 
is not easy to be certain about: but in fifty years’ time or less the 
answer to the question whether continents are now drifting should 
certainly be known. 

Until the theory has thus been tested we must remember that 
it has been seriously attacked. In the first place the earth’s crust is 
rigid and a small force indefinitely applied will not serve to 
deform it; we know of no large force which would supply the 
tremendous effort needed to shift continents and raise mountain 
ranges. 

Other difficulties, too, have been raised. The regions of cold 
and heat at certain geological periods do not in all cases cor- 
respond to the parts of the world which, according to Wegener’s 
theory, must have been neat the poles and the equator respectively. 
It has been claimed by some that the thermal contraction theory 
of mountain building is enough to explain the raising of the great 
mountain ranges. 

The notion of drifting continents is still, then, a centre of active 
work and discussion, and decisive evidence is still awaited. 



CHAPTER XXXIV 


The Son 

BEYOND THE EARTH 

W E have looked into the earth as ^eply as we can; let us 
now look outward from it. Beyond the region of the 
atmosphere we see the sun, the moon, die bright points of light 
we call stars and planets, and occasionaUy the strange tailed 
bodies we call comets. Our information about these is largely 
limited to what we can learn from the light that comes from them. 
We can map out where they are and how they appear to move. 
We can see the surface of a few of them— sun, moon and the 
larger planets — and can therefore get some idea of what they look 
like. We can measure their size if they are big enough to appear 
as more than a point of light. We can find the mass of the sun, 
moon and planets by seeing how strongly they attract the earth 
(whose mass is known) or each other. Lasdy, by examining the 
spectra of the stars, we can tell what elements they contain, how 
they move and how hot they ate. These are the chief things 
astronomers can learn about the universe, but from them he can 
make a great number of calculations and probable estimates. 

* 

MAPPING THE SKY 

First of all, how is the astronomer to measure the position of a 
Star or planet? Till he can do this, he has no way of finding out 
how it appears to move. He defines the place where a star is by 
laying down the angle at which a telescope would have to be 
pointed at a given moment to show the star in the exact centre 

m 
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of its field of view (usually marked by fine a»ss wires). This 
angle is most simply expressed by saying the star has so many 
degrees of altitude and so many degrees of azimuth. Its altitude 
is the vertical angle between the star, the eye and the horizon. 
The azimuth is the horizontal angle between the meridian 
the true north and south line (Fig. 418, NS), the observer 
and the point on the horizon which appears to be immediately 
under the star, the angle being reckoned from the south point 
westward (Fig. 418). 

There arc several other ways of reckoning the position of the 
stars, but they all come to the measuring of two angles. 

The angles are measured by telescopes which have circles 
marked in degrees, minutes and seconds (Fig. 311) to show the 
angle they are making with the horizon or with the meridian. 
It is easy to see that if observations of the various heavenly bodies 
are made night after night for years, it will soon be very clear 
how they appear to move. 

Now the result of these measurements is to show that the 
apparent motions of the sim, moon, stars and planets, their 
risings and settings, are completely explained if we ^lieve that — 

(i) The earth and the planets all route on their axes and at 
the same time revolve round the sun in orbits which are 
very nearly circles (but ate actually ellipses). 
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(z) Smaller bodies, their satellites or moons, revolve round 
most of the planets. 

(3) The stars are so distant that although actually moving very 
rapidly they cannot be perceived to move relatively to each 
o^er at all. 

The solar system is the name given to the sun and the planets 
which revolve round it with their attendant moons. It covers an 
enormous tract of space compared with the earth and a very 
insignificant one compared with the whole universe. 

'Ihink, first, how vast the whole earth is compared widi our- 
selves. Then realise that our earth in pfoportion to the solar 
system is like a single sand grain in a London square. Then 
realise that the solar system bears the same relation to the size of 
the universe, as judged by the distance of the furthest star-clustei 
yet measured, as a single sand grain bears to the whole of Africa. 


THE SUN 

It wiU be easiest to have a look at the solar system first, and 
later see how it may have come into being. The sun, the centre 
of our solar system, is a small star. It will be a good illustration 
of the way these things are done if we consider how the 
astronomers have measured its size, its weight and distance. 
The first of these to be measured is its distance. The distance 
of the earth from the sim varies a little from one time of the year 
to the other, but the method of measurement remains the same. 
The distance is a very important one, for once k is known, all 
the distances of all the planets can be worked out from it and 
from the times they take to complete their orbits. There are 
several ways of measuring it. Most of them involve much 
mathematics. One can see how long it takes the planet Venus to 
cross the disc of the sun when viewed from different parts of 
the earth. But Venus only crosses the sun’s disc about twice a 
century, so this method is not exactly of everyday application. 
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One can measute the distance of the earth from some neat 
planet like Mars on much the same principle as that upon which 
the distance of a neat star is measured (p. 793). It is possible, 
knowing the distance of any two planets and the times they take to 
complete an orbit, to calcuUte all the others. But there is one way 
which is fairly easy to understand, though it is not so accurate. 

If you have forgotten about the Doppler principle, read 
pages 385, 386 again, for it crops up continually in astronomy. 
Suppose we select a star in 
the part of the heavens which 
the earth is directly ap- 
proaching at the moment 
^ig.419). Suppose also that 
this star is stationary relative 
to the sun.i focus a 
spectroscope on the star and 
observe the position in the 
spectrum of some line — say 
the yellow D line of sodium. 

A sodium atom is, as far as we know, quite unalterable and gives out 
the same light on a star asontheearth. The light of theDlinefromvi 
stationary sodium atom is known to give 5.0901x10^* waves 
per second, each wave being 0,00005893 centimetres long. Now 
when the earth is approaching the star we find that the sodium 
line in the spectrum is shifted a little towards the blue end of 
the spectrum, from which we can calculate that we receive from 
the star 5.0906 X 10^* vibrations per second of sodium light, that 
is .0005 X io“ or 5 X 10“ vibrations mm than we should from 
a stationary sodium flame. Qearly, then, the earth is catching up 
5 X 10^0 waves of sodium light every second. Each wave is 
5893 Xio~* centimetres long, so the waves which the earth is 
catdiing up cover a distance of 5 X 10“ X 5893 X io~* cm., which 
is 29.46 kilometres or 18 miles. So the earth must be going 
towards die star at 18 miles a second. But the earth gets round 

* Only for the putpote of out calculadone. Any star can be selected and its 
motioo allowed for in a very simple way. 
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Fig, — The earth, in the part of its 

orbit lUusttated, will receive mote light 
waves per second from the star, than it 
would 6 months later. 
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Pig. 420. — Knowing the len^h of 
the earth*! orbit, we can calculate 
the sun’i diameter. 


its orbit in a year, which is about 31,560,000 seconds, so its orbit 
must be 18X31,560,000 miles long. If the orbit is a circle its 
radius, the distance from the earth^s centre to the sun’s centre, 
is the circumference (18x31,560,000 miles) divided by zx, 
6f nearly. This gives a radius of 90,000,000 miles. The actual 
distance is 92,800,000 miles: the above calculation is based on 
approximate figures. 

From this result it is not 
difficult to get the size of the 
sun. If a telescope is focused 
first on one “edge” of the sun, 
then on the other, the telescope 
has to be moved through 32 
minutes, about half a degree. 
There are 560 degrees in a circle 
and 360 X 60 minutes, so the sun 

occupies ■ of a circle 

360x60 

drawn with the earth as centre and with a radius of 92,800,000 miles. 
The circumference of this is 92,800,000 x 2 X 37 miles, and so the 

8 j* : 3^X92,800,000X2X57 
sun s diameter is ’ - y - — li, that is, 864,000 miles. 

360x60 

This distance of 864,000 miles is about 109 times the diameter 
of the earth. 

The distance and difference of size between the earth and the 
sun is easily visualised if we think of the earth as a mustard seed 
inch diameter) and the sun as a water-melon (5^ inches 
diameter) at a distance of fifty feet. 

We can weigh the sun by calculating that its pull on the earth 
is exactly balanced by the so-called “centrifugal force.” The force 
required to keep the earth moving in a circular orbit with a steady 
speed is given by multiplying its mass (6 x 10*’ grams as calcu- 
lated on p. 160) by the square of its velocity (29.76 km. sec. or 
29.76 X 10® cm. sec.), and dividing by the radius of the orbit 
(1.494X10^ cm.). This force must equal the gravitational 
attraction between the masses of the earth and sun. 
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500,000,000® hotter. Such an unheard of temperature would be 
enough to melt the earth: probably it would cause the sun itself 
to expand into a great glowing mass of gas reaching out as far 
as the earth^s present orbit. 

So clearly the sun must have been getting its radiation from 
other sources than its own capital of heat. A number of theories 
have been suggested to account for the sun radiating heat and 
light for some 2,000,000,000 years and getting very little hotter 
or colder. Only one of the suggestions is reasonable: that in the 
sun energy is being released from atoms. This can happen in 
two ways. Hydrogen atoms consisting of an electron and a 
proton could be forced together to make the nucleus of a larger 
atom. A sodium atom is made up of 23 electrons, 1 1 protons and 
12 neutrons. If some electrons and protons could combine to 
form neutrons, then 23 hydrogen atoms could give the materials 
for one sodium atom; so if twenty-three grams of sodium 
were made in this way, 0.182 (nearly J) of a gram would 
disappearl 

Now it has been convincingly shown that one gram of matter 
can be converted into 900,000,000,000,000,000,000 ergs of energy. 
So if hydrogen in the sun’s interior was being built up into heavier 
elements at the rate of about 2,500,000,000 tons a second, the 
energy that the sun radiates could be accoxmted for. This is a bit 
difficult to believe, but the sun is so enormous that this quantity 
bears the same relation to it as a teaspoonful of water has to the 
North Sea. 

Since the radioactive elements like uranium are always breaking 
up and forming a particular kind of lead, and since there is not 
such an enormous amount of that kind of lead in the earth, 
uranium must have been made some time, probably much less 
than a million million years ago. It is reasonable, then, to suppose 
that uranium must have been built up in the sun when the earth 
was still a part of it. Other elements too may very well have 
been built up in the same way. There seems, too, to be a great 
deal of hydrogen, the simplest building material, in the largest 
and presumably youngest stars. 
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Another way of providing the energy is for a positive proton 
and negative electron to meet and make — ^nothing but energy! 
The sun could, in this way, provide its energy by annihilating 
only about 4,000,000 tons of matter a second. It is so large that 
in a million million years— three times the probable life of the 
earth — ^it would not luve lost one-tenth of its weight. 

An objection to this latter theory is that a proton and an 
electron, by amalgamating, would probably produce a neutron 
with almost the same mass, so that no great amount of energy 
would be liberated. A positron (p. 528) and an electron (p. 528) 
would neutralise each other and give nothing but energy, but 
positrons are too infrequent for this to be effective. At present 
opinion is inclined to favour the view that the building up of 
hydrogen is a more probable source of energy than the mutual 
annihila tion of protons and electrons. It is possible that both 
explanations are sometimes true. When a star is “young” it 
probably builds up elements from hydrogen: later in its existence 
it may annihilate protons and electrons with the gigantic explosion 
of energy we see when a new star or nova is formed. 



CHAPTER XXXV 


The Planets 


THE SOLAR SYSTEM 


W E now know something about the ccntic of the solar 
system. Revolving in orbits round the sun are a number 
of planets, with attendant satellites. There arc ten large planets 
and a collection of some hundreds of asteroids, sm^ planets 
from 500 miles to a few thousand yards in diameter. 

The orbits are roughly in a single plane, which is the plane of 
rotation of the sun. This would be very unlikely if the arrange- 
ment were a matter of chance, but if, as some (but by no means 
all) astronomers think, the planets were thrown off from the sun 


as a single elongated mass, it is 



Fig. 424.— The planets, theit distances and 
periods of revolution. The diagram is 
not to scale. 


not surprismg. If, no the other 
hand, the planets were chance 
travellers through space, 
gathered into a system by the 
sun’s attrartion, the plane of 
the orbit of one planet might 
well be at right angles to that 
of another. 

The best way to visualise 
the solar system is to make a 
scale model of it. We will 
take as our scale one foot to 
a hundred thousand miles. We 
shall need a good big space 
foriti Well, in the middle we 
have the sun, a fiery globe 
eight foot six in diameter, 
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about as high as a rathet tall doorway. Wc now take a walk 
and a hundred and twenty yards away we find the planet 
Mercury, like a small marble a third of an inch in diameter. We 
set oflF again, and when we are two hundred and twenty yards 
from the sun, we find Venus, like a ping-pong ball, about an 
inch in diameter. Another walk and three hundred and ten yards 
from the Sun is the Earth, about the same si 2 e as Venus, with 
the Moon, like a large pea, J inch in diameter and two feet six 
inches from it. Continuing our walk, we reach Mars four 
hundred and seventy yards from the Sun. It is represented by 
a fair-sized marble, h^ an inch in diameter. With it are two 
moons, one of which is just visible as a dust speck inch in 
diameter; the other being invisible i^^ch). On again, passing 
a swarm of asteroids. The largest, in our model, are the size of 
small shot, the smaller ones mere specie. We meet these all the 
way through our journey to Jupiter, which we find just under 
a mile (i6io yards) from our central sun-globe. Jupiter appears 
about the size of a football (between ten and eleven inches in 
diameter). It has nine moons round it. The biggest is not much 
smaller tihan Mars. They appear, then, successively as two smaU 
marbles and several tiny specks at intervals of one foot to fifty 
yards from it. Leaving Jupiter, we find our model of Saturn 
about a mile and three-quarters from the Sun. It appears as a 
globe eight inches in diameter with the well known rings which 
will be mentioned later, and nine moons, the largest of which 
appears as a fair-sized marble, the rest being very small. Some- 
what exhausted, we plod on to Uranus, a globe about the size 
of a large grape-fruit and over three miles and a half from the 
model of the Sun. Its four moons appear like targe shot and are 
from one to four feet from it. Off again for Neptune, just a little 
larger thfl.fi Uranus and about five and a half miles from the Sun. 
Our journey only ends when we reach Pluto. This is probably 
very small and wc shall therefore end our journey over seven 
miles from the central globe and there find a body like a small 
shot representing the outermost planet. 

The remarkable thing about this solar system is its remarkable 
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emptiness. If out model were set out on an open plain, you 
would have a very good chance of walking through it and 
noticing nothing but the model of the SunI But its emptiness 
is nothing to that of space. If outer space were included, we 
should walk sixty thousand miles in our model after we left Pluto 
before we met the model of the nearest star <f-Centauti, which 
would appear as a fiery globe, much like the model of the Sun. 

All the planets revolve in orbits round the Sun. It is rather 
necessary to understand why the Earth (and the other planets) 
go round the Sun instead of falling into it. Imagine a globe a 
hundred million miles £tom the Sun and at rest relatively to it. 
The Sun and it would attract each other. It would rush inward 
at an ever increasing pace and within a few days bury itself in 
the Sun. 

Now consider the Earth. It is revolving round the Sun at the 
rate of one revolution a year. The Earth therefore tends to 
move on in a straight line and it is kept in a circular path by the 
attraction of the Sun. The Sim’s gravitational pull exactly balances 
the tendency of the Earth to fiy off in a straight line, the tendency 
usually described as centrifugal force. The calculation has already 
been set out in a simple form on p. 764. It is not exact because 
the Earth’s orbit is not an exact circle and because the other 
planets, the Moon, etc., all affect its path. But the result emerges 
that the Earth remains in its orbit because the Sun’s attraction 
exactly balances this tendency to fly off in a straight line. A 
“balance” sounds rather precarious, but it is not so. For, suppose 
the Earth were forced by some imaginary giant to go a million 
miles nearer to the sun. Then its potential energy (the work it 
could do by dropping into the Sun) would obviously become 
less, because it could not then fall so far or so fast. TMs energy 
cannot be lost, so it would appear as kinetic energy and the earth 
would move faster in its new orbit. This woudd increase the 
“centrifugal force” which would force it outwards and back to 
where it was before. Thus the earth’s orbit is stable: if it departs 
a little &om its path, forces will drive it back again to it. 

The time a planet takes to get round its orbit does not depend 
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on its mass, because this must affect both the attraction inward 
and the centrifugal force outward in an equal ratio. It depends 
only on its distance from the sun. The rule is that the time in 
years to complete its orbit is one nine-hundred-thousand-millionth 



of the square root of the cube of its distance (in miles) 


from the sun. Try it for Mercury. It is 36,000,000 (36xio®) 
miles from the sun. The cube of this is 36X36X36X 10^®, the 
square root of this is 6x6x6xio®. Tliis divided by 9X10^1 

gives — =_Lor .24 of a year or 87.6 days. The 

9X10^1 100 

actual period is 87.97 days. 

We have assumed that the orbit is a circle; this is not quite 
true. The orbit is actually an ellipse. An ellipse is a curve, every 
point of which has the same total distance from two points called 



Fig. 425a. — ^Thc elliptical orbit 
of a planet. F, F are the fod 
of the ellipse. 



Fig. 425b. — Drawing an ellipse. The 
sum of the distances of the pencil 
point from the two pins F, F is 
always the same. 


the fod. Fig. 4Z5 shows how an ellipse can be drawn with two 
pins (the points) and a loop of thread, the length of which, less 
the bit between the pins, is the “distance which is always the 
same.” The sun is always at one focus of the ellipse. Now the 
nearer together the fod are, the more nearly the ellipse approaches 
a drcle, and most planetary orbits are nearly drdes. A few of the 
asteroid have much “longer” or more eccentric ellipses wlule 
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comets often move in elliptic paths which at their nearest come 
within a few million miles of itic sun and yet pass right outside 
the whole solar system. 

The conditions on the other planets are always exceedingly 
interesting, because we feel that there might be living creatures 
on some of them. No living creature of the kind we find on earth 
could live at a permanent average temperature of about 75° C. 
nor probably at an average temperature of below -50® C. The 
upper limit is the point at which protein molecules are altered: 
possibly creatures might be evolved with protein molecules 
resistant to higher temperatures, but it seems impossible to 
visualise life above the boiling point of water. It is sometimes 
suggested that “animals*^ with entirely different kinds of bodies — 
not made of carbon compounds — could exist, say, in the sun. 
This is not the sort of speculation with which science concerns 
itself, but it seems very unlikely, because none of the conditions 
of life, which essentially involves change in response to environ- 
ment, can be fulfilled by the small stable molecules which alone 
can exist at high temperatures. We might reasonably, then, 
expect life to be possible on a planet with an average temperature 
between - 50® C. and 100® C. An almost certain necessity would 
be water and some form of atmosphere. 

It is an odd fact that the earth’s atmosphere is nearly all oxygen 
and nitrogen, while that of the great planets Jupiter and Saturn 
contains ammonia and methane. Since all the planets must have 
come from the sun, it would be reasonable to expect that they 
all started with the same atmosphere. A possible theory is that 
all the planets had an atmosphere containing carbon dioxide, 
nitrogen and hydrogen. The light hydrogen atoms would escape 
from the earth^s atmosphere into space: plants subsequently may 
have converted the carbon dioxide into oxygen and the carbon 
now present as coal, oil and living creatures. Jupiter and Saturn 
are so large that they would be able to retain their hydrogen. 
Their powerful gravity and (probably) very deep atmospheres 
may make their atmospheric pressure huge. In these circumstances 
hydrogen and nitrogen would combine and form ammonia 
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(p. 648), while hydrogen and carbon dioxide would produce 
methane (C02+4H2=CH4+2H20). The theory is tempting, 
but rests on a good many uncertain assumptions. 

MERCURY 

The innermost planet, Mercury, revolves in an intense glare 
of sunlight about nine times as powerful as that on earth. Since 
it is so near the sun — 36,000,000 miles — it can only be seen near 
the sun, i.e., at sunset and sunrise. It travels round the sun in 
88 days. It is not easy to teU in what period it rotates, because 
no clear markings can be seen on its surface. Some believe it 
rotates about once a day, others that it rotates once in 88 days — 
always keeping the same face to the sun. Mercury reflects only 
about a fourteenth of the light that fidls on it. It cannot then 
have many clouds and is probably dark desert rock, which we 
know reflects about this proportion of light. There appears to 
be no air on it. Its “edge’’ is perfectly sharp. It is so light that 
even if it ever had an atmosphere it could not keep it. Its weight is 
only a twenty-third of the earth’s and so gravity at its surface would 
be only about a quarter^ of what it is on earth. 

A man who could jump six feet on earth could jump 24 feet 
on Mercury. The result of this is that anything shot upwards 
from the surface of Mercury at two and a fifth miles a second 
would never return, while, on earth, a speed of nearly 7 miles 
a second would be needed (air resistance neglected). Mercury 
is so hot that if it ever had an atmosphere the most rapidly moving 
molecules would be travelling fast enough to escape into space. 
Mars with a smaller gravitation pull can retain its atmosphere 
because its molecules are cooler and move comparatively slowly. 

The temperature of Mercury’s surface at midday is about 
440® C., so Mercury is a blazing, airless, rocky desert, hot enough 

1 Not a twenty-third, because gravity depends both on the mass of the planet 
and the iquarc of the distance from the crattc. Mercury is only i6oo miles in 
radius w^e the earth is 4000. The g»vity is then 

JL y ( 1221?Y = about a quarter. 

0 ^\i6ooJ a? 
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to melt zinc and to boil mercury; illuminated by a huge sun 
three times the size of ours and beating down from a black sky. 

VENUS 

Venus is the nearest planet to us. At the closest it is only about 
25 million miles away. But at its closest, it lies between us and 
the sun and so obviously turns its dark side to us or only shows 
a thin crescent like a new moon. 



Fig. 426 shows why we see Venus in phases like those of the 
moon, also why the crescent always appears when Venus is on 
the near side of its orbit and therefore looks much longer than 
the diameter of the full Venus. Venus is a very mysterious 
planet. Only vague and hardly visible markings can be seen on 
it with a telescope and consequently it is very difficult to tell 
how rapidly it rotates. The only method is to observe the light 
coming from one side and then from the other. One side must 
be receding and so the wavelength is very slightly lengthened 
(pp. 385, 386); the other side is approaching the earth, so the 
wavelength of the light received is shortened. But the effect is 
a very small one and all that can be said is that it probably rotates 
in two or three weeks. The ‘‘day” on Venus is therefore from 
a week to ten earthly days long. Venus reflects nearly two-thirds 
of the light that falls on it Only snow or cloud woi^d be likely 
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to reflect as much, and as Venus must receive more heat than 
the earth, it is probably cloud. No one can tell what is below 
the clouds. Venus has an atmosphere above its clouds, for this 
can sometimes be seen lit up by the sun, but there is at present no 
evidence of oxygen or water-vapour in it. Venus must remain a 
pu22le to us. We might guess at hot and steamy lands, densely 
shadowed by never-parting clouds, and possibly inhabited by 
living creatures; but at present there seems no prospect of pene- 
trating the layer of cloud. A rocket-propelled sealed vessel could 
reach Venus if propelled from the earth at some ten miles a second. 
At this pace it could reach the planet at its nearest in about a 
month. 

Rocket-propelled machines are still unreliable and ten miles 
a second is about sixty times fester than a human being has yet 
travelled. None the less, a journey to Venus is not to be thought 
of as wholly impossible within the nci^ thousand years. Venus 
at its nearest is ten million miles nearer than Mars at its nearest. 


THE MOON 

The earth we have already discussed pretty fully, but this is 
perhaps a good opportunity to talk about its satellite the moon. 
Neither Mercury nor Venus have moons, though all the other 
major planets have. 

The moon is by far the nearest of the heavenly bodies. It 
revolves round the earth in an almost exact circle about 240,000 
miles in radius. Of course the moon travels with the earth, so 
its path relative to the sun is not a circle but a wavy line alternately 
inside and outside the earth’s orbit. 

The light of the moon, like that of the planets, is reflected 
sunlight. Only half of the moon is illuminated at once. At ‘‘new 
moon” only the dark half is presented to the eye of an observer, 
at full moon the light half is seen and at intermediate phases 
part of each half. Fig. 427 shows clearly why the moon shows 
“phases.” The moon rotates on its axis, but does so once a 
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Fig. 427. — ^Illustrating (above) the phases of the moon. 

When the earth lies between the sun imd the moon the 
latter appears f^l. In the reverse position the moon will 
be invisible (new moon). Below. Measurement of the 
distance of the moon. 

month, thus keeping the same face always to the earth. We shall 
probably never know what the back of the moon is like, but no 
doubt it is very much like the frontl 

The of the moon is measured by determining at the 

tamf moment the altitude of a marking on it as seen from two 
rliflR.ri»nr obsefvatories, preferably several thousand miles apart. 
Knowing these two angles (A, A^) and the distance between the 
observatories (^), it would be possible to draw a scale diagram 
and so show where the moon is. Actually, the distance of the 
moon is not plotted in a diagram, but is calculated by trigono- 
metry from the angles (A, A^) and the distance between the 
observatories. 

The weight of the moon is calculated from its orbit. It is only 
^ of that of the earth, whereas its bulk is about y\j. 0>n- 
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sequently the moon must be lighter than the earth, and it is 
probably chiefly made of the olivine-basalt layer of rocks with 
little or no nickel-iron core. 

The moon is a dead world. There may have been life on it in 
the past; though this is unlikely, since it is too light a body to 
have been able to keep an atmosphere. The moon, as we see it 
to-day, is a desert of fuitastic rocks and mountains as high as all 
but the highest of earthly mountains. The oddest features of the 
lunar landscape are the craters (Plate XXXVII). A circular range 
of mountains which may be twenty thousand feet high surrounds 
a level plain up to a hundred miles across, in the centre of which is 
often a smaller peak. These craters are very puzzling. They were 
at one time believed to be volcanoes, but they are unlikp any 
earthly volcanic craters in size, though the walls and central peak 
rather recall them. But there seem to be no lava masses round 
them such as would be expected near a huge volcano. The level 
character of the middle of the crater is also an odd feature. 

Some believe the craters to be the scars where huge meteors 
have struck the moon’s surface. But if so, why is there only one 
such crater on earth (in Arizona), and why have all the meteors 
strack the moon head-on and made neat round craters instead of 
elliptical ones, which would be e3q>ccted from the more usual 
glancing hit? A third theory supposes that when the moon was 
just cooling from the liquid state, the gas in the molten magma 
blew up huge domes or bubbles, which later collapsed again. The 
edge of these remained as mountains; the centres were melted 
down again into a level plain. Since the force of gravity on the 
moon is but a sixth of that on the earth, it is quite reasonable to 
suppose that far greater masses of magma could be lifted by gas- 
pressure than would be possible on earth. 

Besides the craters, there are large darker patches called maria, 
"seas.” They are not water but are possibly plains of very fine 
dust. Other features of the moon are long cracks extending for 
hundreds of miles, and “rays” of queer light surface markings, 
possibly volcanic ash. The moon is without air and without 
water. Consequently nothing tends to change it: there is no 
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denudation and it is probably very much the same now as when it 
first solidified, probably 3,000,000,000 years ago. Nothing 
changes on the moon. We can sec it so clearly and magnified so 
much that the Houses of Parliament would be visible as a speck, 
and if there were any woods or lakes or large rivers, they could be 
easily recognised, Descartes (1596-1650) believed that astrono- 
mers of the future would possess telescopes capable of displaying 
animals or human beings on the moon, if any esdsted. Our best 
telescopes can only show points 200 yards apart as separate and for 
the same sort of reasons which show us that there is a limit to the 
magnification of microscopes (p. 487), it is thought unlikely that 
telescopes will be greatly improved in this respect. There is no 
real certainty that any change takes place on the moon, although 
some astronomers think they have seen slight colour changes. The 
moon is intensely hot by day and cold by night. Water would 
boil in full sunlight on the moon: and carbon dioxide would 
freeae at the moon’s midnight. 

The moon is slowing down. Every day it drags the masses of 
water we call the tides round the earth, and it takes something like 
1,500,000,000 h.p. to do it. This energy comes from the moon’s 
rotation round Ae earth. It is, therefore, slowing up. The tides, 
too, are acting as a brake on the earth, and, if the oceans do not 
disappear in die course of aeons, will ultimately bring it to the 
state when the same face of the earth always faces the same face 
of the moon. The earthly day will then be six weeks long: it 
will, however, be thousands of millions of years before it happens. 
The sun’s tides will, however, then continue and the carA will 
be further slowed. These tides will act on the moon and speed 
it up once more. The moon’s period will therefore shorten: its 
orbit will become smaller. Finally it will approach the earth so 
nearly that the earth’s pull on its surface will be stronger than its 
own. It will then break into fragments, which will partly fall as 
vast mountain ranges on the earth’s equator and partly form a ring 
like those surrounding Saturn. 

The moon is rightly a melancholy sight as well as a beautiful 
one. It is a sphere of death — a picture of the state of the planet 
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which air and water have left: it revolves, the skeleton of a 
world. 


MARS 

Mars has been the subject of a vast amount of conjecture. 
There is something to see on it: there are changes and they are 
indistinct enough to have given rise to most elaborate theories. 
The Man from Mars is established in the public mind as a 
possibility. Really, however, all that is Jbiojpn about conditions 
on Mars can be put in quite a few words. First of all, Mars is, 
after Venus, our nearest planet: it approaches at the nearest to 
within 35 million miles of the earth. It i$ decidedly smaller than 
the earth, being about half the earth's diameter and about a ninth 
of its weight. Its gravitational pull is only about a third of that on 
the earth. If the “Martian" of so many tales came to earth he 
would be much embarrassed by his own weight, which would be 
three times as much as on his native planet. It seems that the 
gravitational pull is enough to hold an atmosphere. It seems 
pretty clear tl^t its atmosphere is rather rarefied, but it certainly 
contains water and oxygen and no doubt, plants and animals 
could be evolved capable of living in a very rarefied atmosphere. 
It rotates in just about a day, but its temperature varies very much 
because there is little air to blanket it. The average day tempera- 
ture in the warmest regions is probably near that of an English 
winter (50® F,), while at night, temperatures as low as - 112® F., 
like Siberia in winter, may be reached. 

No earthly creatures except mosses and lichens would with- 
stand this, but it is very possible that if the earth had had this 
temperature for millions of years, forms of life would have 
evolved capable of resisting it. 

Plate XXXVIII gives an idea of what Mars looks like through a 
telescope. Actually, however, it is a coloured object. The pole- 
caps show brilliantly white. These pole-caps shrink in the 
Martian summer and increase in its winter. The southern cap 
sometimes disappears altogether. These caps must almost 
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ceitainly be ice or snow, the only other — and not at all probable- 
substance being solid carbon-dioxide. 

The rest of Mars shows bluish-grey or greenish patches and 
also brownish and orange areas. 

These last are very probably desert regions like our Sahara. 
The blue-grey regions are not seas, for if they were we should see 
the sun reflected in them. They may be regions covered with 
vegetation, but there is no direct evidence of this. 

The canals on Mars have been the subject of much argument 
Several observers, Schiaparelli, and Lowell in particular, have 
observed a network of lines crossing the surface of Mars. On 
the other hand, no one has ever been able to photograph these, 
and they are generally thought to be an optical illusion. Lowell 
suggested they were artificial canals made by intelligent beings 
with the object of carrying water from the polar caps (which melt 
in summer) to irrigate the arid regions of Mars, as the Nile carries 
water from the snows of the Mountains of the Moon to irrigate 
Egypt. This is a fascinating notion; but we are very uncertain 
whether the canals are there at all, and even if they are, they are 
at the limit of visibility; so it seems unscientific to build up so 
much speculation on such slender foundation. Mars has at least 
the necessary conditions for a rather difficult life. 

The Martian night sky shows two moons. The larger is only 
;,8oo miles from it and 40 miles in diameter. It would Took much 
like our moon though less bright. It revolves round Mars in 
seven hours and a half. This is a shorter time than the planet 
itself takes to revolve on its axis, a case without parallel in the 
solar system. The second moon would be a very small object, 
only a fifteenth the size of the other. 


THE ASTEROIDS 


Not much Is known of the asteroids. There are at least 1,200 
of them circulating in orbits between Mats and Jupiter. The 
largest, by name “Ceres,” is about 500 miles in ffiameter, but 
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most of them are less than fifty miles in diameter with an area of 
about that of Englandl They can have no atmosphere nor water, 
for their gravity is too feeble to retain any gas. 

Many of the asteroids have remarkably eccentric orbits. Eros 
approaches within 14,000,000 miles of the earth and Amor, a mass 
of rock, perhaps a couple of miles in diameter, comes within ten 
million miles. It is a credit to our telescopes that it can be seen, a 
feat equivalent to discovering a halfpenny eighty miles awayl 
Another asteroid (only known by a letter and number) comes 
inside the orbit of Venus! 

It is certainly odd that this group of little planets should lie 
between Mars and Jupiter. Some think that there was once a 
planet there which burst into a cloud of asteroids: but the orbits 
do not seem to be of the type to be expected from such an origin. 

JUPITER 

Beyond the asteroids lies the huge planet Jupiter. It is about 
ten times the diameter of the earth and 1,300 times its volume, 
but only about 317 times its weight. 

Jupiter must, therefore, be made of some very light material. 
Either it has a very large atmosphere and we see clouds much 
above its surface, or it must have a great amount of water or ice 
on it. Plate XXXVIII gives a picture of Jupiter. The belts sur- 
rounding it are probably dense clouds blown into belts by trade- 
winds. There are some obscure changes of colour, and one rather 
conspicuous object, the Red Spot — a large oval marking. The 
spectrum of Jupiter seems to indicate the existence of ammonia 
and methane — a very odd sort of atmosphere. The clouds which 
we see as the sur&ce are very cold and apparently at about 
- 1 30® C. The low density of Jupiter makes it probable that the 
clouds we sec are the top of an enormously deep atmosphere — 
perhaps thousands of miles thick. 

The pressure of such an atmosphere would be so great that the 
gases in its lower portion would probably be as dense as water. 
Some of the gases, e.g. methane, would liquefy. Liquid methane 
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has a density of only about 0*42, so it would float on highly 
compressed nitrogen gas. The modern picture of Jupiter then 
is of a very deep atmosphere with an ocean of liquid methane 
floating high in the air! The Red Spot has been thought to be a 
glacier of solid ammonia floating on this ocean and coloured by 
combination with ozone. Since the lower layers of the atmos- 
phere of Jupiter have a density not much less than one, and the 
planet itself has a density not much more, the solid centre of 
Jupiter must be of very light material — probably ice and solid 
carbon dioxide, with no doubt some stony or rocky matter. 
Jupiter, then is reasonably supposed to be a gigantic glacier, 
surrounded by a very deep cold atmosphere with an ocean of 
liquid gas like “water above the firmamenf\ Nothing indeed on 
Jupiter has any resemblance to what we know on earth, and we 
may suppose the same to be true of the other three giant planets, 
Saturn, Uranus and Neptune. 

Jupiter has no less than nine moons: four are large, the largest 
being very little smaller than Mars; five are very small objects 
indeed. The largest can be seen by the human eye. 

SATURN 

The planet Saturn is, like Jupiter, cloud-covered. It has 760 
times the bulk of the earth and 95 times the weight. It is, there- 
fore, very light and has only about f of the density of water. It 
must be mainly gaseous. It rotates in ten hours and a quarter. It 
would seem that what we see as Saturn must be largely cloud and 
atmosphere, and the probable conditions on the planet are much 
like those of Jupiter. 

The really interesting things about Saturn are the extraordinary 
rings which surround it. Three flat rings, all in the same plane 
and level with the equator, encircle the planet. They are very 
large: it would take five earths set end to end to reach across the 
belt. They are also very thin, for when viewed edgeways they 
simply disappear and so cannot be more than 60-70 miles 
thick (Plate XXXVni). 
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One of the rings — ^the innermost — is called the Cr^e ring. 
This is semi-transparent and all the rings are transparent enough 
for a star to be seen through them, thus showing that they cannot 
be solid. It has been proved that a solid ring ot this kind would 
break to pieces, and it is believed that the rings are a swarm of 
minute satellites! 

Their velocity has been determined by the Doppler method, 
and it has been shown that the edges travel slower than the 
middles, whereas, if they were solid, the edges would travel 
faster. The accepted theory of the birth of these rings is that a 
satellite approached so near to Saturn that the attraction of the 
planet tore the satellite into the pieces which now form the rings. 
Saturn has nine moons, one larger than the Moon, the rest a 
good deal smaller. 

URANUS, NEPTUNE AND PLUTO 

The planets Uranus and Neptune are so distant that very 
little is to be discovered about conditions on their surfaces. 

Uranus is just visible to the naked eye. It is, like Jupiter and 
Saturn, large (31,000 miles in diameter) and very light, with a 
density of about the same as Jupiter. It rotates quickly in about 
I of hours. From its brightness and its fiiint markings it must be 
heavily clouded. It seems to be intensely cold — at a temperature 
near that of liquid air in fact. The intensity of the sunlight that 
falls on it is only about a four-hundredth of that which falls on the 
earth and the sun would appear only a twentieth of the size it does 
on earth. Uranus has four smallish moons. 

Neptune is so distant that nothing can be ^observed on its 
surface. It is a large planet (35,000 miles in diameter), of low 
density and probably clouded and intensely cold. It has a single 
moon. Neptune is on the average 2,800,000,000 miles from the 
earth: the last planet known, Pluto, is at the vast distance of 
3,600,000,000 miles. It was only discovered in 1930. Its discovery 
came about in the same way as that of the planet Neptune, 
eighty-four years before. The motion of Uranus could not be 
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explained by the combined attractions of the sun and known 
planets, and consequently its calculated positions failed to 
correspond with the position in which it was actually observed. 
An unknown planet was, therefore, suspected to be perturbing 
the orbit of Uranus. After laborious calculations Adams, at 
Cambridge, determined the position which the supposed planet 
should occupy, and a little later Leverrier in France ^d the same. 
Leverrier sent his results to Dr. Galle of Berlin and within a few 
hours the latter found the planet within about 5 2' of its expected 
position. 

However, Neptune’s attraction did not entirely account for 
Uranus’ behaviour, and Lowell in 1 91 5 calculated that there must 
be another planet beyond Neptune. The irregularities in Uranus’ 
behaviour were very small indeed; the calculations were therefore 
not capable of great accuracy and the planet was not found as 
easily as was Neptune. But fifteen years later Tombaugh, at 
Flagstaff Observatory, who had photographed a portion of the 
sky at three days’ interval, found a “star” that had moved and 
showed that this was the missing planet Pluto. It is probably a 
good deal smaller than the earth, and is far beyond the reach of 
the naked eye. Its orbit is eccentric and at limes it comes within 
the orbit of Neptune. 


COMETS AND METEORS 

Besides the planets, our solar system is inhabited by comets 
and by meteors. A large comet is a most conspicuous object. 
The photograph (Plate XXXIX) gives a good notion of their 
appearance. 

They show a luminous cloud with a brighter centre or nucleus 
from which streams away a less bright tail. 

Comets visible to the naked eye occur more often than would 
be thought. On the average, there is one a year. Most of these 
require looking for, but occasionally they are very conspicuous 
objects, even being visible in full daylight. 

They have always been considered as alarming phenomena, 
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The spectra of stars of the B, A, F, G, K and M Types. (By courtesy 
of the Royal Astronomical Society.) 



7«7 


The P/anets 

prognosticating disasters, deaths, wars, 
pestilences and famines. Some comets cer- 
tainly revolve round the sun in an elliptical 
orbit. Halley's comet returns every seventy- 
five years: it was here in 1910 and will be 
back in 1985, and many other comets which 
return in this way are known. 

It is quite probable that all comets are 
members of the solar system and return 
after a long enough interval. 

A comet behaves in a most odd manner. It 
is invisible when distant from the sun. As it 
approaches, it appears first as a feint 
luminous cloud: as it gets nearer, it develops 
the usual apparatus of a head with a bright Pig- 42*-— lUustratmg 
nucleus and a tail. As it passes round the [he con^ 

sun the tail generally points away from the keeps turned from 

sun, so that a comet receding from the sun the tail is longest at 

travels tail first! The tail is not a sort of cometjj^ nearest 

streamer hanging out behind, but something S*tS*Oxford'^Un^ 

repelled from the head of the comet by the sun. 

A comet may be enormous or may be ex- from the latter's 

tremely small. Its head may be much larger Com$ts). 

than a planet, and the tail may be from a 
million or so to a hundred million miles long. Though so vast, 
they are very empty. Stars can be seen shining through the densest 
part of a comet, its head, almost as brightly as if nothing were 
there. They are very light: their mass is not enough to perturb 
the orbit of a satellite, let alone a planet. The head of a, comet 
seems to consist of a cloud of small meteors quite a long way 
from each other and a certain amount of gas, carbon monoxide 
and cyanogen chiefly These gases are poisonous, but since the 
density of gas in a comet is not much more than in an exhausted 
electric light bulb, it is unlikely that if a comet collided with the 
earth we should even notice iti 

The glow of the comet is partly reflected from the sun, but the 
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greater part seems to be a glow like that which we sec in a neon- 
sign. The torrents of electrons from the sim probably ionise the 
low-pressure gas in the head and make it glow. 

The tail of a comet is a very odd affair. It seems to be a very 
tenuous cloud of dust particles repelled by the actual pressure of 
the light from the sun, and it can be shown that a small enough 
particle will be repelled by the light more strongly than it is 
gravitationally attracted to the sun. Comets, we may say, are more 
showy than important. They may be the most brilliant objeas 
in the sky and yet have less matter in tliem than a small asteroid! 

Meteors or shooting stars are very common objects. Several 
million enter the earth’s atmosphere every day. They are pro- 
bably wandering stones from space which meet the earth’s 
atmosphere. They very commonly travel at 50 miles or so per 
second, and naturally quickly heat up by friction, catch alight 
and bum when 80 miles or so above the earth. The great majority 
have burnt away to nothing by the time they have come within 50 
miles of the earth. A few reach the ground and can be examined. 
It is then found that, as explained on page 736, they are commonly 
made of iron-nickel alloy, but sometimes of a sort of igneous rock 
or a mixture of this and iron. Most meteors must come from 
outer space, for they are moving so fast that the sun’s attraction 
would not be enough to keep them in the solar system; but there 
are some vast clouds of meteors which move in a loose body or 
swarm round the sun. Thus, the earth’s orbit crosses the tracks of 
meteor swarms on April zo-zi, and August lo-ii every year. 
There is then a shower of meteors which varies a good deal in 
intensity. All the meteors seem to radiate from the same point in 
the sky, which is the point from which the swarm is approaching. 
These meteor swarms are believed to be the remains of disrupted 
comets. In one case at least a comet has disappeared and a 
meteor swarm occupies its old track. 

THE FORMATION OF THE PLANETS 

The solar system is obviously a whole, not a fortuitous col- 
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lection of objects. It is vast enough (a fast rifle bullet would take 
sixty years or so to get from the sun to Pluto) but it is positively 
a cosy-corner compared with the spaces surrounding it. If you 
think of the solar system as a 14 ft. bell-tent pitched in a desolate 
plain, the nearest star is another tent twenty miles away. 

It is believed, for a number of good reasons, that the whole 
solar system originated from the sun. First of all, by no means all 
the uranium in the earth has yet turned into lead and helium. The 
crust of the earth can hardly be 2,000,000,000 years old. The 
earth must have been cooling ftirly rapidly before the crust 
formed (for the hotter a thing is the quicker is its rate of cooling), 
so evidently the earth must have been molten at a time when, it 
would seem, the sun was not very different from what it is now. 
The reasonable conclusion is that the earth is younger than the 
sun. If the earth did not come from the sun, it must have come 
from outer space: it seems quite incredible that the sun picked 
up ten bodies like the earth in such a way that their orbits all 
were within a few degrees of being in a plane. 

The sun is a star. Our telescopes are not of sufficient power to 
tell us whether other stars have planets; but in the absence of 
evidence we are not to assume that planet-formation is not a 
normal incident in a star’s life. The first scientific theory of how 
the earth was formed was that the sun started as a vast rotating 
cloud of glowing gas. As it cooled, it contracted, converting its 
potential energy into kinetic energy, and therefore rotating ever 
faster. A time came when the rotation was so speedy that the 
centrifugal force, on the outside of the sun, exceeded gravity, and 
part of the outside was flung off as planets. This tiieory is useless, 
however, because the sun can be proved never to have rotated 
fast enough to split up in this way.^ Moreover, if the sun were 
to throw off planets in this way, it would first have to assume a 
flattened shape like a lens and if it had once had this shape there 
seems to be no reason why it should not have it still. 

^ Because a body which is rotating can only slow itself down by setting something 
else rotating: the rotation of ail the bodies in the solar system if concentrated in the 
sun would not speed it up enough to make it burst. 
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ei^losion in which much of the light elements such as helium 
became ttansfoimed into the heavy elements such as those of 
which the earth was made. The main mass of this exploded star is 
supposed to have departed into space, while a detached cloud of 
gas from it condensed to form the earth and other planets. No 
certainty can attach to these theories, which are only reasonable 
guesses at what may have happened. 

If we adopt the theory of die formation of planets by the near 
approach of two stars, we must suppose that a sun acquires a 
system of planets as the result of an almost incredible bit of luck. 
Any named star can be expected to be suiEciently nearly 
approached by another to cause planets to be formed once in 
every 5 x 10^’ years. It seems that the life of a star is only 
5 X 10’ years: so one star in 100,000,000 might have planets 
rovmd it. These calculations are only the roughest estimates, but 
they make it cleat that if planets are formed by the near approach 
of two or more stars a star with planets is a freak. But the 
number of stars exceeds io“, so if these figures are correct we 
might expea there to be ten million stars with planets within the 
range of our telescopes. Only a small proportion of planets have 
air, water and a temperature at which complicated molecules can 
both exist and execute the elaborate changes charaaeristic of 
living matter. But if only one in a hundred planets fulfilled these 
conditions there may be a himdred thousand earths capable of 
supporting life. 

The sun, then, was a star before there was an earth. We will 
try in our next chapter to trace the history of a star from its 
beginning to its end — ^if stars have either beginnings or ends. 

Here you may well say — ^why should not the Universe have 
always been as it is now? The reason is simple. The stars are 
pouring out light and heat rays. This store of energy must 
come from their heat or their matter (p. 210). If this emission 
has been going on for ever, the stars must have once been 
infinitely hot or infinitely large; unless, perhaps, the light is 
somehow transformed back into stars. If this emission of light 
and heat has not been going on for ever, there must have been a 
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beginning. It is then impossible that the Universe can have 
been the same in the distant past. The astronomers have done 
something to lift the curtain which conceals the origin of the 
universe, but they have not solved the problem which may be 
crudely stated thus. “Hot things are cooling— why, if in^te 
times Ues behind us, have they not all cooled to a dead level?” 




CHAPTER XXXVl 


Stars and the Universb 


OUR KNOWLEDGE OT STARS 


W HEN we look out into the clett night sky we sec, io 
addition to the inhabitants of the solar system, only stars 
and cloudy diffuse matter— nebulae. The naked eye, on a dear 
night, can distinguish about 3,000 stars. The andents divided the 
sky into constellations which are quite arbitrary arrangements. 
Thus the stars in Orion are actually in parts of the Universe very 
distant from one another, but happen, as seen from the earth, to 
form a pattern. The brightest stars have names, the fainter stars 
are catalogued and known by numbers. The funtest stars r emain 
unnamed and uncatalogued. 

The constellations, then, do not mm anything. The interesting 
things about the stars are the diiSerent kinds, their distances and 
the way they are really grouped in space. It is a very familiar fact, 
that when you move, the nearer objects of the landscape seem to 
shift their position relatively to the further ones. A tree which 
from one point seems opposite a distant church tower, is no 


longer opposite it when you have walked a few yards on. The 
further an object is ftom the observer, the less it seems to shift as 


he moves. Hus shiftisused 
for the measurement of the 
distances of stars. 

It is reasonable to expect 
that some stars are near and 
some arc distant; and so, as 
the earth rotates round the 



Pig. 4)0.— Meanuement of the diitaooe of • 
stat. 


m 
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sun the neat stats should appear to shift teladvely to the 
distant ones. Suppose (Fig. 430) we make observations ftom 
the earth when at opposite sides of its orbit, i.e., at intervals 
of six months. Suppose S is a star of which we want to 
know the distance and F is a faint star^ so ftt oft that it 
does not seem to shift at all, relative to other very £unt 
(and probably therefore very distant stats). Suppose we measure 
the angle between S and F. Then, it is easy to see that from these 
angles S Ej F and S Ej F and from the diameter of the earth’s 
orbit we could make a scale diagram and measure S Ej, or SEj, the 
distance of the star. Actually, a scale drawing would not be 
made, for it would have to be impossibly large, but trigono- 
metry would be used to calculate the lengths. This method has 
a serious disadvantage in that it can only be used to measure the 
distance of something {e.g., S) which has something vastly mote 
distant {f.g.y F) behind it. So it will not avail for the distant stars. 
The angles F and SEj F ate actually measured. From these we 

can get the angle Ej SB, which is the angle at the vertex of the 
triangle formed by the star and the diameter of the earth’s 
orbit. This angle is called the '‘parallax” of the star. Actually, 
the stars ate so distant that this parallax is at most | of a second of 
arc. Well, a second is -z-hsxi ^ degtee. If you were to put a 
halfpenny three miles and a quarter away it would be invisible: 
the angle ftom one edge of that halfpenny to your eye and back 
to the other edge is a second of arc. The astronomer measures 
this fiurly easily. He can detect a parallax of a hundredth of a 
second of arc, though he cannot measure it with any accuracy. 
This angle is the angle made by the opposite sides of a human 
ha ir over a mile and a half awayl The usual method employed is 
to photograph the sky and measure the relative shift of the star 
images. 

A star which shows a parallax of one second of arc would be 
distant from us by 200,000 times the distance of the sun from the 
earth. Miles are absurd units for these distances. There are two 

tP i* put in two position* because the diagiam is so smsll. Actually P is to fiu 
away that the anfllesB, E, PandB, B, F ate both the same. 
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chief units in use for star-measurements, the parsec and the /(gi/- 
year. A parsec is the distance at which a star shows a parallax of a 
second of arc. A light-year is the distance which light (in a 
vacuum) travels in a year, at the rate of 186,000 miles a 
second. 

Here is out astronomical table of units: 

Astronomical unit = 92,870,000 miles » 149,450,000 kilometres. 
(Earth's distance from Sun) 

One light-year o. 5069 parsec « 5,880,000,000,000 miles 
=s 9,461,000,000,000 kilometres. 

One parsec = 3.26 light-years == 206,265 ast. units 

== 19,150,000,000,000 miles 30,830,000,000,000 

kilometres 

If the earth's orbit were scaled down to the size of a half 
penny, a parsec would reduce to one mile, eleven hundred yards 
nearly. On this scale the earth Itself could just be seen by the aid 
of a good microscope. 

The parsec or the light-year then is our yardstick for measuring 
star distances. The nearest star — too faint to be seen by the eye — 
is about one parsec and a third away. The nearest well-known 
star is Sirius, the famous Dog-Star, which is 2^ parsecs or 8.6 
light-years away. 

The parallactic way of measuring the distances of stars is really 
only satisfactory within some ten or twenty light-years of the sun. 
Within five parsecs (16.3 light-years) of the sun there are only 26 
stars. As a reasonable deduction of the number of stars suggests 
that there may be about thirty thousand million, it is clear that, 
though the parallactic measurements survey a part of the universe 
in which the earth is as a speck of dust in a great city, they leave 
untouched the rest of the visible universe whi(^ is vastly 
greater. 

There ate two other ways of assessing distances in the universe, 
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and both depend on the fact that stars of the same type have 
about the same brightness. The first method is based on the fact 
that if the spectra of the two stars are precisely the same the two 
stars must be precisely alike, not only in material and temperature 
but in size and luminosity. Thus, suppose we find a star which 
gives exactly the same spectrum as Sirius but from which the 
earth receives otily one millionth of the light it receives from 
Sirius. The star must really be emitting &e same quantity of 
light as Sirius. The amount of light we receive varies as the 
square of the distance, so the star must be \/i,ooo,ooo, i.e., 1,000 
times as distant as Sirius. Sirius is 8.6 light-years away, so this 
star must be 8,600 light-years off. The method can be used for 
any star distinct enough to have its spectra measured. Of course, 
a suitable near star with the right spectrum cannot always be 
found. However, ways have been foimd of comparing stars 
with very slightly different spectra. The disadvantage of the 
method is that only moderately bright stars give distinct 
spectra. 

The finest weapon for attacking the problem of the distance of 
far-off stars is the Cepheid Variable star. These stars give a light 
which fluctuates in a perfectly regular way. Thus, a certain 
Cepheid may brighten to a maximum every 12 hours with perfect 
regularity. Now, there are Cepheids of all sorts of periods from 
hours to weeks, and the brightness of a Cepheid depends on its 
period. The slower it pulses the brighter it is. This has been 
proved by observing a set of Cepheids which are in the same 
star cluster and therefore at nearly the same distance from us. 
Now the distances of a few Cepheids have been measured by the 
parallactic method, so we know just how bright, say a five-day 
Cepheid should appear at, say, twelve light-years distance. Now 
suppose we see a distant star cluster and spot a five-day Cepheid 
in it. If it appears to have only a hundred-millionth of the 
brightness of the one twelve light-years away, it must be 
y'100,000,000, i.e., 10,000 times as distant and be 120,000 light- 
years away. The distances of very many of the stars can be 
measured in one of the three ways I have described. As we can 
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measure the angles they make with each other and with the 
earth, we can tell how they lie in space and, in fact, map out the 
Universe. 

One more thing at least is necessary to get a real picture of 
the stars and that is to know how they move. Of course, the 
stars appear to move across the sky in a regular way and to shift 
through “parallax,” but these are only the effects of our own 
motion — the rotation and revolution of the earth. The real 
motions of the stars relative to the whole solar system ate called 
their proper motions. Stars may move through an angle of ten 
seconds of arc or less in a year, but dw vast majority move less 
than a second of arc a year. Now, when a star moves across the 
sky, you only see its sidewt^s motion: fiat if it was coming directly 
towards us, it would not appear to move at all. But out old 
friend the Doppler principle comes in to help us (p. 76z). The 
lines of the spectrum are shifted towards the blue when a star 
travels towards us, and towards the red when it recedes. So 
we can measure the sideways motion by seeing how for the star 
moves across the sky, and the head-on motion by examining the 
spectra; by combining both we can see how fast a star is travelling 
(relative to the Sun) and in what direction. 


THE PLAN OF THE UNIVERSE 

Using these observations of distance and speed we can form a 
stupendous and terrible picture of the Universe. 

The Sun and its little flock of planets lie in a cloud of stars a 
couple of parsecs or so apart. One may think of these stars as 
being as isolated as peas a hundred and fifty miles apart. If you 
look at the sky on a clear dark night you see a band of light, the 
“Milky Way” (Plate XX XIX ), entirely composed of famt stars. If 
you could see underfoot as well as overhead it would seem to form 
a great circle. The conclusion has been reached that wc are in ihe 
tyidst of a lens-shaped crowd of stats, of which oar sun is one, 
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situated neat the middle. Naturally we see fewer stars if we look 
towards the middle of the vast lens than if we look towards the 
edges, which we see as the Milky Way. This gigantic collection of 
stars isprobablyabout7j,oooparsecsindiameter. Within this mass 
ate many minor but still enormous clusters of stars and also a 
ntimbet of nebulse, hazy masses of gas. The stars appear on the 
whole to be streaming round the centre of the galaxy. The 
whole mass of the galaxy, 7J,ooo parsecs in diameter, is rotating 
on itself once in every 250,000,000 years. Even this slow rotation 
means a very great speed for the outer stars, as much as 1 50 miles 
per second. 

The edges then of the galaxy are some 50 or 40 thousand 
parsecs from us: the top and bottom of it are far nearer, probably 
about six or eight thousand parsecs. 

There are a number of nebulx in the sky, of which dte great 
nebula of Andromeda is an example, which under great magni- 
fication are seen not to be hazy clouds but to consist of myriads 
of stars. The distance of these clouds of stars can be measured, 
for they contain Cepheid variables. The Andromeda nebula is no 
less than 270,000 parsecs, nearly a million light-years away. It is a 
gigantic object. It occupies nearly three degrees of the sky, and is, 
therefore, about 15,000 parsecs in diameter. Its enormous size 
makes it cleat that it is a galaxy like out own, though smaller. 
The Andromeda nebula is then a vast island universe cut off by a 
huge tract of space from outs. It is by no means the only one of 
this kind. Hundreds arc known with distances iq> to forty 
million parsecs. The light-waves from these which we focus into 
an image in our telescopes started on their journey to us before 
there was a man, before there was even a monkey: in fitet, when 
the giant reptiles were waUowing in the earth’s swamps, that light 
set out for the earth, travelling at such a pace that it would enciide 
the earth in a seventh of a second. There are probably two 
hundred million or so of these island universes scattered about. 
Sir James Jeans in 1933 made a vivid comparison. 

“We can construct an imaginary model of the system of the 
great nebula; by taking about 50 tons of biscuits and spreadiijg 
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them so as to fill a sphere of a mile tadius> thus spacing them about 
25 yards apart. The sphere represents the range of vision of the 
1 00-inch tdescope: eadi biscuit represents a great nebula of some 

4.000 parsecs diameter.’’ To-day in 1950 we should require 

5.000 tons of biscuits and a sphere of about three miles ra^us. 
Tlie 200-inch telescope (p. 497) just coming into use has already 
shown us that the universe is even vaster than this model shows 
it. 

Our galaxy and some others would have to be represented 
by a large sponge-sandwich instead of a biscuit. Now turn back 
to pp. 27-32 and try to picture how small an electron is. Our 
earth in this model would be about the siase of an electron. What 
sixe would you be? 

Is the boundary of the Universe within our vision? There is no 
reason why a 1 00-inch telescope should show all that can be 
seen, and at first sight the giant nebulae, galaxies of stars, might be 
thought to extend infinitely in every direction. We cannot at 
present tell, though it is at least thought to be unlikely. 

A most remarkable result is reached when we examine the 
spectra of these different galaxies. The spectral lines of all arc 
shifted toward the red and consequently each (except the one 
in Andromeda) is retreating rapidly, and the further off they are 
the more rapidly they are moving. The distant ones arc racing 
away at a speed of nearly 25,000 miles a second. The Universe 
appears to be expanding. If we trace this motion back, it seems 
that the whole universe must have been concentrated at a centre 
no more than 10,000 million years ago; a figure which is diffi- 
cult to reconcile with the usual estimates of the %ge of the starsi 
Perhaps the Universe pulsates, alternately contracting and 
expanding. The theory of relativity seems to indicate that the 
universe must either pulsate like this, or must expand for ever, or 
must contract first from a great size to a minimum value and then 
expand. We know that the light from these nebulae is of the type 
which would come from rapidly receding objects and so frr as we 
know from no others: the explanations are by no means so certain. 

The picture of vast, widely scattered galaxies of stars rushing 
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away from each other, gives a notion of the universe as it is now. 
The picture in Time — birth, rise and decline of stars and systems 
—is at least as interesting as the picture in Space. 

If you had to study the development of Man from cradle to 
grave and your own life was only that of a butterfly, you could 
not follow any single man from birth to old age. Instead, you 
would look at the crowds and see man at every stage in his life. 
Our first task, then, in tracing the history of the stars is to look at 
all the different types of star, expecting to see among them the 
young, the middle-aged and the senile. 

The only objects (other than the island universes visible as 
great nebi^) which we can see in the sky are luminous stars 
which appear as bright points, and nebube which appear as more 
or less hazy clouds whidi may be either light or dark. It is almost 
certain that there are many dark stars, which perhaps much out- 
number the bright ones. 

Now the only thing we perceive from a star is its light. By 
splitting up this light with a spectroscope we get a series of lines, 
each of a single wavelength. Each of these lines ^p. 4)6, 464} re- 
presents an electron in an atom moving from some position in the 
atom to some other. From these lines we can tell not only what 
kind of atoms make up the surface of a star but also under what 
sort of conditions they are vibrating. Thus, carbon vapour at 
3,000** C. gives a rather different spectrum from carbon vapour at 
6,000® C. The spectra of a quarter of a million stars have been 
classified and all of them fit into a stries. This, of course, suggests 
that stars have a common origin. Thus, you can put all mixtures 
of milk and water into a place in a series starting with milk and 
ending with water, but you could not find a place for a glass of 
beer in the milk and water series. The stars then grade steadily 
ficom the O type to the S type, and every new star that is examined 
can be fitted in. The table gives an idea of what these types ate 
like. The spectra of the O, B, A, F, G, K and M types are shown 
in Plate XL. 
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Typt 

Colour 

Chief Spectral lines 

0 

Blue 

Faint continuous background, lines of 
hydrogen, ionised helium, ionised 
oxygen and nitrogen. 

B 

Blue-white 

Continuous background with dark^ 
lines of hydrogen, helium, ionised 
oxygen and nitrogen. 

A 

White 

Hydrogen lines, calcium and 

magnesium. 

F 

Yellowish White 

Less hydrogen, more lines of metals. 

G 

Yellow 

Hydrogen and many metallic lines. 

K 

Orange 

Low temperature metal lines; bands due 
to titanium oxide and compounds of 
hydrogen and carbon. 

M [ 
R 


Absorption bands or lines largely due to 

XV 

N 

Red 

gases such as cyanogen and carbon 

s 1 


monoxide. 


New stars (or “novae”) in a gaseous nebulae have a dilFercnt 
kind of spectrum — discussed on p. 806. 

The natural belief is that stars progress through the stages 
represented above. We might take it as reasonable that young 
stars are very hot, and contain simple atoms like those of hydrogen, 
helium, oxygen and nitrogen, and that, as thpy cool, the large 
metal atoms are gradually formed; then, at the lowest tem- 
peratures the vapour of the metals condenses and only gases like 
carbon monoxide and cyanogen give a spectrum. 

The colour of a star is a guide to its temperature. Just as a 
piece of iron as it cools passes through white heat, yellow heat and 
red heat, so does a star. But it must not be taken that a yellow- 

} Bright fpectial lines come ftom glowing gas: dark spectral lines £rom a light 
shining glowing gas. 
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hot star is at the same temperature as yellow-hot iron. Stars are 
made of gases which are very bad radiators of heat and light. A 
gas must be made fat hotter than a solid in order that it shall 
glow. The surface temperature of the surfaces of various types of 
star are roughly: 


Typt 

Temperature 

B 

23,000 — 15,000® C. 

A 

11,000 — 8,500® C. 

F 

7,500 — 6,500® c. 

G 

6,500 — 5,500® c 

K 

5,000 — 4,500® C 

M 

3,500® C. downward. 


Some recent determinations would nuke the temperatures 
higher. As stars may reasonably be supposed to be getting cooler, 
this is another reason to suppose that they travel down the scale 
as they age. 

We have seen already that we can find the brightness of a star 
and its distance. A good deal of information has been gained by 
studying the /vof brightnesses of the stars, not only their apparent 
brightness. 

The sun is 92,800,000 miles from us. We know how much 
light from it falls on each square foot of fhe earth. We can thus 
calculate that the total light emitted by the sun is 3 X 10’^ 
candles. Now Sirius is 500,000 times further away than the sun, 

so if it were as bright as the sun it should appear only 1 — - 

500,000*, 

that is — as bright. Actually, it appears twenty-six times as 

bright as this, and must be giving twenty-six times as much light as 
the sun. We can say that the real brightness of Sirius is twenty-six 
times that of the sun. This real brightness is commonly expressed 
as the absoluH magUtude of the star which is the magnitude it would 
appear to have if it were 10 parsecs away. 

This figure, the absolute magnitude tells us how bright a star 
really is. If we make a graph, showing the brightness of the stars 
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Fig. 4JI. — ^How the brightness of a star varies with its spectral type. (Courtesy of 
Messrs. Edward Arnold & Co., and Professor Spencer Jones, from the latter's 
General Astronon^ 


along one line and the type (B, A, F, G, etc.) along the other, we 
can see that the brightness depends on the spectral type in a 
peculiar way. The general trend is that the brightness fells off as 
we pass from B stars to M stars. This is reasonable, for if the 
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stars were about the same average size, we should expect the 
dullest ones to be the coolest. But there are also two very large 
groups, yellow-orange stars of brightness about loo times those 
of the main group, and red stars of hugely greater luminosity than 
the main group. These stars must be at the same temperature as 
their brethren of the same type, so they must be enormously larger. 

So as a first classification we have giant stars and dwarf stars. 
To these we have to add a very few super-giant stars — Canopus, 
Rigel, Antares — ^which, though a hundred or more parsecs 
away, arc yet among the brilliant objects in the sky. Finally, there 
arc a few ‘‘white-dwarf” stars. These are very feebly luminous, 
yet have spectra that show they have enormous temperatures. 
Few arc known and they give so feeble a light that only near 
ones can be detected. Actually, there may be many of them. 
They arc only of the size of planets and yet — we shall see — they 
have the weight of sunsl 

Naturally, this belief in the existence of giant and dwarf 
stars needed to be confirmed by an actual measurement if one was 
possible, and in the last few years an ingenious instrument, the 
interferometer, has been made which will measure the diameters 
of a few of the larger and nearer stars, even though the best 
telescope cannot show the largest star as a disc like a planet. 
The results confirm fairly well the deductions from their bright- 
ness. The radii of the giant stars are up to 400 or so times that of 
the sun. Betelgeusc has a diameter 300 times that of the sun. 
Antares, a super-giant, is 428 times the diameter of the sim. It 
would fill the whole orbit of Mars and morel 

The white dwarfs at the other end of the scale are too small to be 
measured by the interferometer. The small luminosity and very 
high temperature, though, proves that they are from a twelfth 
to a hundredth of the size of the sun. Almost the most extra- 
ordinary discovery of modern times was that these stars have the 
most gigantic densities. The brilliant star Sirius, and a white 
dwarf-star Sirius B form a double star, a sort of planetary system 
of two stars rotating round each other. Now, we have a pretty 
fair notion of the mass of Sirius from its brightness, spectrum and 
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distance, so we can calcukte the mass of its companion from its 
orbit and time of rotation. It weighs almost the same as the sim 
but has only about a thirtieth of the radius. Now, if it has 
of the radius, it has X X bulk. 

So a cubic foot of Sirius B must weigh 27,000 times as much as a 
cubic foot of the Sun. The Sun is about 1.4 times as heavy as an 
equal bulk of water, so Sirius B must have a density of about 
39,oool 

The densest thing on earth is platinum, with a density of 24. 
Suppose you could get a bit of Sirius B, the size of a brick. It 
would weigh sixty-eight tons: a bit the size of a decent lump of 
sugar would weigh as much as a heavy man. Now, there is only 
one thing we know that is as dense as this — the nucleus of an 
atom. The nucleus of a radium atom is about io~^^ cm. in 
diameter and (supposing it spherical) about 10“*®® cm. in volume,^ 
it weighs 4 X io“"** gms., and so its density must be about 
4 X 10^^, vastly greater than that of the densest dwarf star. The 
conclusion we are driven to is that white-dwarfs arc largely made 
of atoms from which the outer electrons have been torn, leaving 
a tightly jammed mass of nuclei with few or no electrons attached 
to them. This could hardly be believed without further con- 
6rmation, which has, however, been found. If the white-dwarf 
has this small size and huge weight the gravitational force at its 
surface will be gigantic. According to the theory of relativity 
spectral lines must shift towards the red in an intense gravita- 
tional field. This is found to be true for the light from Sirius B. 
The cause cannot be the Doppler effect caused by the star retreat- 
ing from us, because Sirius, its constant companion, does not show 
the shiftl 

We want then some explanation of the existence of giants, 
dwarfs and white-dwarfs among the stars. If the explanation can 
also show how the flaring up of a faint star into a bright star or 
“nova” can occur and can also throw some light on the gaseous 
nebulae, it will be worth hearing. 

^ It it obviously not conect to csdculate volumes and densities as if the nucleus 
were a billiaid bidi: none the Im. it is certain that the nucleus is enormously dense. 
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Every now and again a small faint star increases in brightness 
by ten thousand- or a million-fold. The whole process may be 
over in a couple of days, though it may take two or three weeks. 
The brilliance then falls off again in the course of a few months, 
though not to its previous degree of faintness. The most brilliant 
nova on record blazed up till it was brighter than Venus. This 
happened 350 years ago, and the star is now so faint that it cannot 
be distinguished from other faint stars in the neighbourhood.^ 

What is this extraordinary phenomenon? At one time it 
was thought that a nova was Ae result of a collision of two 
stars, or perhaps of a dark star becoming ignited, like a meteor 
in air, when it rushed into a dark nebula. But these theories 
are unlikely. First, novae are much commoner than collisions 
are at all likely to be: secondly, they do not seem to occur only or 
especially in regions where dark nebulous matter is known. 
The spectrum of a nova shows by no means the changes one 
would C3q)ect if cooler stars were headng up as a result of the 
collision. In a recent nova (Nova Pictoris 1925) the spectrum 
altered very little in type. The only cause then for the brightening 
was a vast expansion. If a star is expanding its surface will be 
approaching the earth and the spectral lines will shift slighdy 
towards the blue. This actually happens, and it is clear that a star, 
when it becomes a nova, practically explodes. Nova Pictoris 
swelled at the rate of 12,000,000 miles a day, till it became as huge 
as the super-giant Antarcs. After this expansion it seems that a 
thin layer of gas shoots on outward like a sort of surrounding 
shell, while the star itself gradually shrinks. 

It is a disturbing thought that these outbursts of novae are 
common enough to happen to each star once in 10,000 million 
years and, according to one theory, it is quite likely to happen 
to the sun, resulting of course in the utter annihilation of the 

^Thete ate two kinds of novse, the ordinary nova and the very much taiei 
8uper>nova. The latter, as its name indicates, becomes far more brilliant, but is very 
much rarer. The 8uper*nova is thought to be a sort of stellar atomic>bomb, in which 
the light atoms combine suddenly to form the heavier ones, emitting far more 
energy than any other type of change. 
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earth, which would probably melt like a piece of sealing-wax in a 
blast furnace. Still, as far as the astronomer knows, it is by no 
means certain to happen, and in any event no more likely to happen 
in our lives than at any other time in the next hundred million 
years or so: so the chance of being burnt up by a nova is less 
than that of being killed by a lightning flash, which is not worth 
bothering about. 


NEBULA 

The gaseous nebulae are of three kinds, dark nebulae, diffuse 
nebulae and what are misleadingly called planetary nebulae. The 
dark nebulae appear simply as patches of sky without stars. 
It is clearly a black cloud and not merely a place which lacks 
stars. It is believed that these are tracts of space containing 
fine dust, very thinly scattered. The d^se or bright nebulae are 
clouds of hazy light which cannot, however magnified, be 
resolved into separate stars. The most probable theory is that 
they are clouds of fine dust lit up by starlight. A bright nebula is 
then a dark one lit up by neighbouring suns. The “planetary*’ 
nebulae appear to the telescope as little round discs. They are, of 
course, enormously larger than the stars, which never show any 
disc at all. Their spectra are rather like those of the hottest 
(type O) stars and indicate an enormous temperature, greatest 
towards the centre. 

The centre of a planetary nebula is a star and seems to be a 
white dwarf. It seems likely that a nova — perhaps a very large 
one — ^would separate into a nebulous envelope and an extremely 
hot white-dwarf centre. * 

THE LIFE OF A STAR 

No one has produced an entirely satisfactory theory of the way 
in which a star is born and dies. The account given here is 
based on the theories of Russell, Eddington and Jeans, and it is 
certainly probable that something like it is true. The factors 
which take part in the shaping of a star are the following. 

Gravitation will tend to make a star contract. As the star 
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coatiacts, its potential energy is tamed into kinetic energy: this 
kinetic energy can appear as rotational energy and as heat energy. 
The effect of its own gravitation on a star will be to make it 
smaller, faster in rotation and hotter. A star can only lose heat from 
the outside, consequently the inside must be vastly hotter than 
the outside, which itself may be at a temperature of 5,000 to 
50,000° C. The centres of the stars then have temperatures 
probably about ten to twenty millions of degrees. 

The effect of gravitation in decreasing the siae of the stars is 
obviously opposed by other forces — otherwise the stars would 
shrink to not^g. The forces which tend to make a star escpand 
are, first, the repulsion of the atoms (or ions, for atoms do not 
remain intact at these huge temperatures) for each other; secondly, 
die radiation pressure. We have seen that the light from the sun 
can push a comet’s tail away from the earth. The interior of a 
star at a temperature of millions of degrees radiates so intensely 
that the blaae of heat, light, ultra-violet and X-rays drives the 
atoms and ions outward with a pressure up to several million 
tons per square inch. 

These factors enable us to make up a story of an evolving 
star which agrees first with the sequence of spectral types (p. 803) 
and with the sizes and masses of the st^ of different kinds. 
No one would maintain that this story must be trae: at best we 
can say that there is no other story we can invent which fits the 
facts better. 

The beginning of our history is a cloud of gas as big as out 
“local” universe or galaxy of stars. This gas was incredibly 
attenuated, far rater than the gas in a good vacuum on earth. 
Probably some parts of it were gentiy moving. The effect of its 
own gravitation would be to make it contract, warm up and 
begin to rotate. The gas would also condense locally to form 
dense parts and rater parts, the first beginnings of stars. As 
gravitational contraction continued and the rotation quickened 
^e great mass would become flattened and disc-like, and the 
great spiral nebulae (Plate XLI) ate supposed to represent such a 
stage in the evolution of a universe of stars. 
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Turn now to the individual stars. Each is a vast hazy mass of 
gas steadily contracting, steadily rotating quicker and ever 
becoming hotter. A giant star of the M type is thus formed. 
As the temperature rises conditions in the centre of the star 
become such that hydrogen atoms (whose nuclei are single 
protons) build up into the heavier but perhaps not the heaviest 
types of atoms, releasing great amounts of energy. The star thus 
gets even smaller and hotter, and successively goes through the 
types M, K, G, F, A, B. The star then steadily radiates as long as 
its hydrogen lasts. When its hydrogen becomes exhausted, it is 
thought that it will greatly expand and form the red-giants. But 
there is another fate for a star. The temperature and pressure 
of the interior may be such that not only are the outer rings of 
electrons knocked off the atoms by the heat-jostling and radiation, 
but the innermost rings, too, leaving the bare nuclei. If the 
temperature suddenly reaches the point where this is possible, 
the effect will be as if the atoms had all been vastly decreased 
in size. 

The result then of breaking up this final “K-ring’" of electrons 
is to allow the star to contract enormously (for the nuclei arc enor- 
mously smaller than the K-rings); this process of contraction also 
liberates energy, so the star probably explodes. There is an enor- 
mous rise of temperature: a nova is produced, a shell of gas being 
driven out and a white-dwarf being left. The white-dwarf is 
intensely hot — ^i.e., its particles are moving very fast — but it 
cannot radiate much because there are not many nuclei with 
electrons left on them to leap from orbit to orbit and cause 
radiation (p. 436). They, none the less, slowly cool and finally 
become yellow dwarfs and black dwarfs. 

It is not known whether this outburst is an incident in 
every star’s life, but it is at least probable. The rareness of the 
final product — white dwarfs — ^would be explained by their 
feeble light, which wotdd render them visible only at short 
distances. 

This course of evolution of stars can be greatly altered by the 
gas and dust it picks up from the space aroxind it. If the star 
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moves slowly and in a dusty tegion, it may become doubled, 
trebled, or more, in weight and also become more heated. 

DOUBLE AND VARIABLE STARS 

In our sketch of a star’s career we have omitted a common 
occurrence — its splitting in two. Double stars ate common 
objects in the sky. Many are accidental doubles — stars, dozens of 
parsecs apart, but happening to be neatly in the same line of sight. 
But these doublets are much too common to be merely chance 
neighbours, and a great many systems of two stars rotating 
round each other ate known. In a few cases, where the stars are a 
good distance apart, they may have been neighbours always, but 
in most cases they are believed to have been formed by a star 
rotating so quickly that it broke in two. A star rotating slowly 
will be nearly a sphere; quicker rotation flattens it at the poles. 
If moving quicker still it will then form an ellipsoid rather like a 
Rugby football: this, if spun still quicker, will develop a waist 
and separate into two stars not very different in size. These will 
continue to rotate round each other or more accurately about 
their common centre of gravity in a period which may be months 
or hundreds of years. Sometimes we can see both stats of a pair — 
twenty thousand or so pairs are known — but, in many cases, we 
only notice the odd behaviour of die spectral lines. 

When one star is at its neatest to us and the other at its furthest, 
neither will be approaching us or going away &om us, but both 
will be ttavelling sideways. Ginsequently their spectra will be 
normal. But a quarter revolution later one will be coming and the 
odiet going, so the light feom one will have its spectrum shifted 
toward the red, and the other will have its spectrum shifted to 
the blue. So, at this point, the lines of the light from the two will 
split or, if one star is mudi brighter than the other, as is usually 
the case, will shift to one side. So if we find a star has a spectrum 
of whi^ the lines ate alternately normal and shifted to one side or 
the odier, we know it is a double. If the plane of rotation of a 
pair is in the line of sight there may be an eclipse once each 
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revolution. Th^ fiunous star Algol becomes £uatet for five hours, 
then btighter for five hours. It becomes slightly brighter for 
twenty-five hours, then slightly duller, then btighter again for 
twenty-five hours. The cycle then repeats itself. Here we have a 
very bright star and a rather dull star revolving round each 
other. The light is brightest when both can be seen, a little less 
bright when the bright star eclipses the dull one, and much less 
bright when the dull one eclipses the bright onel Several other 
queer alternations in light are known, their character depending 
on the size, speed and relative brightness and plane of orbit of the 
pair. 

The Cepheid variables, the light of which rises and falls 
regularly in periods of ten hours to a month, and whose brilliance 
and period are connected, have been mentioned in connection 
with the measurement of stellar distances. They do not seem to 
be double stars, for the light does not vary in any way which could 
be deduced from a pair of stars of the tight size and brilliance. 
These stats are believed to be pulsating, swelling and shrinking 
alternately in periods of a few ^ys. This is possible. Suj^ose a 
star was in any way forced to shrink. It would turn gravitational 
energy into heat energy. The heat would then make it expand 
out again. The enormous mass of the outer part of the star 
could not be stopped and would overshoot the mark somewhat 
until gravitational force pulled it back once more and the whole 
process started again. 


THE AGE OF A STAR 

A great deal of attention has been given in the last ten years to 
the problem of the age of stars. The key to it is to be foimd in the 
source of the floods of heat and light that they emit. 

If stats were merely white-hot masses they would cool in a few 
centuries, but yet the earth was certainly receiving about the 
present amount of sunshine three hundmd million years ago, 
when the trees of the coal measures were still growing. The key to 
the problem was found when Einstein’s work make it clear that a 
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little matter could be turned into a vast amount of energy. If the 
matter in a star^ such as the sun, could be transformed into energy, 
it would very slowly dwindle in mass, evolving enormous 
quantities of heat, which would keep it shining for a very long 
time. But when the problem was further investigated, it seemed 
very unlikely that every kind of matter could be turned into 
energy or that any matter could be totally transformed into 
energy and nothing else. If we knew what kind of matter was 
transformed and how much of it there was in the stars, we could 
figure out their age. By comparing the spectra of the light from 
various kinds of stars, it seemed that a sort of development 
process goes on in them, during which the very small atoms (as 
of hydrogen) combined into middle-shsed atoms. Now when this 
happens, the total weight of the middle-sized atoms is less than 
the total weight of the small atoms they came from, and the 
balance of matters is changed into energy. This is the same sort 
of process as occurs in atomic bombs, except that in this case it is 
the very heavy atoms that split up into a smaller weight of middle- 
sized atoms. In fact the interior of a star is rather like an exploding 
atomic bomb, held down by the gigantic weight of matter on top 
of it. It is not easy to work out the behaviour of such matter, for 
no-one has experience of anything in the Ipast like the centre of 
a star with its temperature of some twenty million degrees 
(perhaps four times hotter than an exploding atomic bomb), its 
terrific pressure and unimaginable blaze of radiation. Yet the 
wonderful ingenuity of such men as the late Sir Arthur Eddington 
has enabled conjectures to be made. Twenty years ago we thought 
protons and electrons might combine and give energy, and on 
that basis the estimate of the time the stars could have been 
shining w^s about five million million years. But now we are 
pretty sure that the source of heat is a complicated series of 
changes which transmute hydrogen atoms into carbon atoms, and 
the quantity of available hydrogen in stars seems to be enough to 
keep the process going only for a few thousand million years. 
This is a very great difference in an important matter: so that 
astronomers have recently concentrated on various ways of 
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(^^bove) The Great Nebula in Andromeda. An island universe. 
(By courtesy of The Yerkes Observatory, Wisconsin.) 

{Below') Spiral Nebula. (By courtesy of The Mount Wilson 
Observatory, California.) 
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A portion of one of the giant chromosomes of the salivary glands 
of Drosophila. One or more of the bands probably correspond to 
each hereditary factor. (By courtesy of Messrs. Julius Springer.) 
(Greatly magnified.) 



Microphtjtograph of a section of bone. 
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figuring out the probable age of the earth, the sun and the stars, 
starting from several quite different pieces of evidence and using 
quite different kinds of argument. Now a single calculation 
might not carry much weight, but when several really indepen- 
dent ones agree we must treat their result with respect. We must 
not expect a very exaa answer, for after all our problem was to 
know whether the age of the stars was to be reckoned in millions 
of millions or only thousands of millions of years. Actually the 
answer is feirly decisive, and it seems that we know of nothing 
older than about three thousand million years. 

Let us have a look at the evidence. First let us see how young 
the universe can be. It must be at least as old as the earth, the 
oldest rocks of which are 1,800,000,000 years old. 

We saw on p. 799 that the universe appears to be expanding 
outward from a centre, so it is reasonable to suppose that it once 
started at a centre. Calculations based on this alteration in the 
light (which in the case of the most distant galaxies is not very 
easy to measure) indicates that they started out, at a date some- 
where between a thousand million and ten thousand million 
years ago. By itself that would not be a very strong argument, 
for some astronomers do not interpret this change in the light as 
being due to motion; but it agrees vith modern views on the 
life of stars and there is other evidence for such a period. You 
remember how we dated the rocks. If we try a rather similar 
experiment with meteorites, which are chunks of star-stuff that 
sometimes fell to the earth’s surfece we find that Ac oldest of 
these may have existed for some seven thousand million years. 

Now for a quite different approach. The galaxy of whi^ the 
sun is a member, rotates like a wheel, making one revolution in 
about every two hundred million years: astronomers show that 
the loose clusters of stars we find in our galaxy would have broken 
up and been dissipated in about two or three thousand million 
years. The Pleiades, a very famous cluster, has been reckoned in 
this way to be about three thousand million years old. 

There are a great many binary stars— pairs of stars rotating 
round each other. Now the attraction of passing stars must 
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gradually break up these couples, especially those very distant 
from each other, and if the universe were much older than the 
figure we have suggested, so many of these couples could not 
have remained in existence. Taking these and other evidence into 
consideration, a recent authoritative survey of the evidence in 
the Monthly Notices of the Royal Astronomical Society tells us 
that the authors “have found mostly indications in fevour of the 
short time-scale*', by which they mean a period not hr different 
from three thousand million years. 

Now some of us may say: “What could matter less than the age 
of stars?" Well, men have always been very interested to know 
where the world came from. This work seems to indicate pretty 
strongly that there is nothing older than three or four thousand 
million years — ^that in feet there was then some catastrophic event 
that started the universe as we know it. Of course, this is not 
certain, for astronomers have to make a great many assumptions 
in order to arrive at these figures, and someone may bring along 
a new theory that would make us draw different conclusions. But 
at least we have at present no warrant for supposing there was a 
universe, in any sense we can give to the word, before an epoch 
some 5,000,000,000 years ago. What happened to bring the 
world we know into existence, science cannot and perhaps never 
will be able to tell us, but there is no reason why we should not 
adopt that most ancient of astronomical theories that “In the 
beginning God created heaven and earth." 

So adopting this timing in a tentative way we might say: 

Age of stars (and sun) 5,000,000,000 years. 

Age of earth since its formation 2,000,000,000 years. 

Age of oldest sedimentary rocks 1,750,000,000 years. 

Age of life i ,000,000,000 years. 

Age of Man 10,000,000 years. 

Age of civilisation 10,000 years. 

In comparison, we might say that if the sun has reached a late 
prime at sixty, the earth is forty — life only twenty. Man is two 
months old or less, and civilisation not quite a day. 

But if we are to believe that time has flowed for ever, and wiU 
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flow for ever, we are almost as far from a knowledge of the life 
of the Universe as were our forefathers. Our lives are as nothing 
in the history of a star: a star’s life is as nothing beside infini te 
time. Whether in truth. Time and Space are infinite we cannot 
tell: perhaps it is impossible to know, but it is not to be assumed 
without careful examination of our reasons for supposing it, and 
the last ten years have seen much controversy on such matters. 

THE PROBLEM OF TIME 

It will be noticed that many of the most difficult problems of 
astronomy are concerned with time. The age of the universe seems 
all too short for the processes that have occurred. Stars seem to 
have reached a state of evolution that re(|uires far longer than the 
age of the universe as reckoned by the motions of the nebulae. 
Indeed some of our estimates seem to make the universe youngei 
than the age of the earth, as reckoned by the radium clock. E. A. 
Milne has in the last decade put forward a new theory concerning 
the measurement of time. He points out that we cannot know that 
any particular phenomenon, e,^, the rotation of the earth or the 
vibrations of an atom, gives a standard of time that does nbt change 
in hundreds and thousands of years. His method of measuring 
time is based on the assumption that from every galaxy in the 
universe, the universe will appear approximately the same: its 
chief consequence is that mechanical clocks and atoms do not keep 
the same time, and the question as to whether the universe began 
about two thousand million years ago, or is infinitely old, 
depends upon the kind of time you choose to reckon. But, he 
supposes, if you reckon sometimes by mechanical clocks and 
sometimes by “atomic clocks” you will find errors when long 
periods are concerned. Milne’s theories explain many facts that 
other theories do not, e.g. the spiral form of the nebulae, the feet 
that everything seems to be rotating, the apparent expansion of 
the universe, but the majority of astronomers still regard his 
system as ingenious but not sufficiently supported. Time will 
show what we are to think of Time. 




PART VI 


LIFE 


CHAPTER XXXVn 
The Living Cell 

WHAT WE MEAN BY LIFE 

W E arc alive, and to solve the problem of life and its 
working would be the crown of scientific achievement. 
Think of the things which we say are alive, men, beasts, birds, 
fish, insects, shell-fish, trees, grasses, mosses, seaweeds and the 
myriad microscopic creatures which inhabit every place where life 
can take a hold. 

What have they in common that we call them living? To us, as 
men, the chief characters of Life appear to be motion and 
sensation, but these are not common to all living things. Thus 
plants do not move except to grow: nor have we any reason to 
suppose that they have anything akin to consciousness. 

The true characters of life are the powers of growth and 
assimilation, reproduction and response to environment. 

A living creature starts as a small object, takes in material, 
different from its own material, and changes this into its own 
substance, so growing larger, at least for a time. At intervals it 
generates new living creatures which ultimately become close 
copies of their parents. It responds to small 'changes in the 
outside world. That this is true of a man or a dog or a beetle is 
obvious. But consider some extremely simple creature such as the 
tiny green organisms (Fig. 5 1 5 . i .) which often colour a pond green 
in a few days. This creature can turn carbon dioxide and water 
and the few metallic salts present in the pond water into a set of 
most complicated molecules — too complicated mostly for the 
chemist to unravel. It thus grows larger and after a few hours it 

Dt> 



8 i4 Tin 'World of Scmeo 

develops a waist aad splits into two smaller organisms like itself. 
It responds very sensitively to the conditions of the outer world. 
A minute increase or decrease of acidity in the water will cause it 
to die out. A proportion of copper sulphate of two or three parts 
pet million of water will have the same effect. It will move to 
situations which are favourable to its growth and move away from 
unfavourable spots. 

It is obvious, of course, that a brick or a tumbler of water is not 
living. Sometimes a crystal is said to approach living matter. 
A crystal of copper sulphate in a saturated solution of copper 
sulphate will grow certainly, but only by taking on its own 
material as an outer layer. It will not convert other substances 
into itself. It does not reproduce in any true sense. A piece mi gbr 
fall off and grow into a new crystal, but this would be an accidental 
occurrence, not a normal one in the existence of a crystal. 

In what kind of material does life reside? It seems that life is 
invariably associated with the same type of chemical compounds. 
The only kind of matter which can live is a solution or suspension 
in water of proteins (p. 632), together with sugars, with curious 
fiitty phosphorus-containing materials called lipoids, and with 
various inorganic salts. The secret of life is probably hidden in 
the intricate and tiny network of atoms which makes up the 
protein molecule. 

It may be possible for life to reside in compounds of other 
elements than carbon, but on earth every living creature is made 
up of the same kind of material. Man, grass and bacteria must all 
contain proteins. The proteins in all three are different, but they 
are only different arrangements of the same couple of dozen of 
amino-adds (p. 632). 


THE CEU. 

Living matter is never structureless — like a solution of sugar. 
As far as we know, life can exist only in a cell* — a minute compact 

^ Some of the Tixutee ^ 1016} which cause disease consist of particles to minute 
that we have been uoable to study their structuK. They maf oot cells, but 
every other Uving thing bom a cholera germ to a man is one ow or many. 
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assemblage of ibe materials of life. Every living thing is a cell or a 
collection of cells. The cell is the unit of life, as the molecule is the 
unit of matter. 

The photographs of Plates XLin, XLVII give some idea of the 
way in which living tissues of animals and plants are composed of 
cells. There is a very considerable likeness among cells. Whether 
the cell is a free-swimming animalcule in a pond or a part of a rose 
petal or of a philosopher’s brain, it has certain necessary parts, 
though we understand very little about the way these work. 

The cell is the unit of life: if we cut it to pieces, the pieces cither 
cease to live or grow once mote into cotiq)lete cells. The cell is, 
moreover, an independent unit, for a single cell from the skin or 
muscle of a man, if supplied with the lightmedium to live in and 
the tight conditions, can Uve and flourish tutd muldply apart from 
the creature of which it was once a part. 

In Fig. 45 a is drawn the idealised or pattern-cell. Individual 
cells may look very unlike it, because some parts are enlarged or 
dimini shed or of different shape, but every living thing is made of 
ceUs of this pattern. 

Now let us look at the pattern-cell. Cells vary a great deal in 
size. It is not difficult to see the cells in a daffodil petal with the 
naked eye, while the smallest bacteria tax the resources of the 
microscope. We might consider our pattern to be about 
mi llim etre in diameter. This seems a contracted space, but it 
means that there may be in a single cell a hundred million most 
intricate protein molecules besides water, salts, sugars, etc. 
There is plenty of space here for the most complex of molecular 
machinery. , 

Every cell has two main subdivisions, the central nucleus and 
the surrounding “qrtoplasm.” Some bacteria, etc., appear to have 
no nuclei, but even in these there seems to be nuclear substance 
(recognisable by the way some dyes stain it) broken up and 
ffistributed through the cell. 

Starting from the outside, there is often — but not always — a 
cell-wall. The tough woody substance of plants is the cell-wall 
made of cellulose, and the horny part of animal cells (e.g. of the 
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skin cells) is also this outer cell-wall, which may be regarded as a 
non-living deposit or shell laid down by the living cell within. 
Inside this wall is the boundary of the living cell-substance, the 
plasma-membrane. This is a &irly firm or tough skin. It is 
probably not made of a different material from the cell-substance 
but may be more like the surface-tension “skin” (p. 90, Fig. 54) 
of a soap-bubble — a layer of molecules of different kinds, pro- 
bably arranged in a regular way, e.g., with one particular group of 
atoms at the boundary. This cell membrane can evidently be 
altered in consistency from within: it allows certain kinds of 
molecules to enter the cell and keeps others out. All the cell’s 
food must pass inwards through it, and all its waste products 
must pass out through it. It is sensitive: often a tiny alteration in 
the solution it rests in will make it swell or contract or ^ter in shape. 



Fig. 452, — Diagrammatic section ot a typical cell. 
(Modified from Professor E. B. Wilson's Tht Cell in 
Development end heredity. (Macmillan, New York.) ) 


Within the membrane is the cytoplasm, a clear viscid liquid, 
rather like very thin jelly, in which are suspended a vast number of 
very minute objects. The clear jelly-like solution always contains 
proteins, substances with extremely large molecules (egg-white 
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and gelatin arc simple examples), carbohydrates like glucose or 
cane sugar; semi-&tty substances like lecithin; all dissolved in a 
weak, salty solution much like diluted sea-water. The cytoplasm 
has probably some sort of structure in the sense that the molecules 
are oriented in groups. 

In the cytoplasm are suspended myriads of tiny objects, the 
smallest of which can only just be seen by the best microscopes: 
doubtless there are smaller objects which are invisible. The former 
are most easily seen by soaking the cell in solutions of certain dyes: 
these particles are then more strongly dyed than the rest of the 
cell. They are termed paraplastic bodies. 

Very little is known about these tiny objects. Some are solid, 
some are oily droplets. Some of them are substances manu- 
factured by the cell and kept ready for use. Thus a cell whose job 
it is to produce digestive ferments will store up tiny grains of a 
substance which, when the ferment is needed, disappears again. 
The granules are here probably a store of something which could 
be turned into “digestive juice.’’ 

Plant-cells usually contain comparatively large bodies called 
plastids, which are little chemical factories in which sugar or 
starch or some such substance is made. The green pigment 
chlorophyll is contained in some of these. 

Hollow spaces, '‘vacuoles,” filled with liquid, are common in 
plants and single-celled animals. They may store up water, or 
act as “stomachs” for digestion, or as “bladders” for waste 
products. They are not in evidence in most animal cells. 

Fibres are often visible and are probably the means by which 
a cell alters its shape: when a cell reproduces itself by splitting in 
two, these fibres are very evident. The cell also has a complicated 
structure, the Golgi apparatus, which is of very variable appear- 
ance, but is commonly seen as a sort of network. Its function is 
not very certain but which may be concerned with the production 
of various chemical substances which the cell requires. There is 
also a tiny granule called the centriole or central body from which 
may radiate a few fine fibres. These are called the aster, and will be 
mentioned again when we discuss the way in which a cell divides. 
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A cell may contain small or relatively huge quantities of material 
it has made. A &t cell may appear as an oily drop which occupies 
almost the whole cell, crowding into a comer the living cyto- 
plasm and nucleus which made itl 
The nucleus is apparently the essential part of the cell in the 
sense that a cell without its nucleus cannot grow or assimilate or 
reproduce and very soon dies. The nucleus is a tiny hollow space 
surrounded by a ^m s kin, and filled with material more liquid 
than the rest of the cell. In it ate skeins, knots and lumps of 
chromatin, a material which is recognisable because it takes up 
certain dyes very strongly. This chromatin mysteriously provides 
the pattern from which the whole animal or plant can be built up. 
It is the material which we receive from our parents and whi^ 
makes up our heredity. Very little is known about what it is 
made of, but a great deal has been found about the way it behaves 
when a cell divides. 


CELL COMMUNITIES 

The single cell can perform all the functions of Ufe. It can 
move, cat, digest, grow, multiply, respond to stimuli, and move. 
But it is so small a creature as to be necessarily very helpless and 
wholly unintelligent. It cannot grow to any considerable si2e 
because it must breathe, eat and excrete through its surface. 
Suppose a cell were magnified a hundred times (from xuii ^^ams. 
to I mm. diameter), it would increase its surface ioo*= 10,000 
times, but it would increase its bulk and weight 100® = 1,000,000 
times. So each bit of its interior would only get 
food and air it had before and so the cell would be very sluggish 
and ill-nourished. Consequently a single-celled creature as it 
grows becomes progressively less able to perform its functions; 
and therefore, at a certain stage, it must divide and make two 
smaller cells* each with a reasonable proportion of surface to 
interior. 
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A large single-celled creature is, therefore, impossible, and 
all animals large enough to be easily seen consist of many cells. 

Animals and plants as we know them are a co mm unity of cells, 
as the State is a community of men, though the analogy must not 
be pushed too h.t. 

A man can perform for himself, rather inefficiently, the func- 
tions of feeding himself, clothing himseli^ housing himself and 
protecting himself. All this is much more efficiently done by 
allowing one man to grow food, another to make clothes, another 
to build houses: but in perfecting themselves in these trades men 
lose the faculty of performing their other functions. The single 
independent cell can grow a protective membrane, can gather 
food, can make ferments to digest it, can move, can respond to 
stimuli, can make another organism. But when many cells are 
combined into a single animal or plant, each perfects one aspect of 
its powers and to some extent loses the others. The skin cells 
become efficient in building a homy outer wall. The cells of the 
intestinal wall ate expert in taking in food: the cells of the glands 
specialise in chemistry and make various compounds. The 
muscle cell specialises in movement and the nerve cell in sen- 
sitivity. All of them keep the power of division because the 
animal must grow. Some keep it altrays: others, like the nerve 
cells, ate so specialised that when they become adult they lose 
their power of division. If a man of twenty destrojrs a nerve 
cell he can never grow another to take its place, though he may 
train another nerve cell to do its work.^ 

The logical way of studying living things would be to start 
with the simplest and work up to the complex ones. But simple 
creatures are often not easy to come by or examme. There is one 
creature with which we ate very ftmiliar indeed — man. We 
all have one specimen we can examine and mildly experhnent on. 
So our first task shall be to study Man as a living creature and 
see how, from some thousands of billions of cells, all variants of 


* A cut nerve mey legenetate, for a nerve does not contain the essential part of the 
nerve-odl— the nudeos. The nuclei of the nerve-cclb are m the biain and spinal 
cord: the nerve itself consists of long fibres spun out of their cytoplasm only. 
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the pattern we have studied, this body of ours is built. There are 
very many did'erent kinds of cells in the human body: but they all 
fall into live great classes, which we may call skin cells, supporting 
cells (bone and cartilage), gland cells, nerve cells and germ cells. 

HOW CELLS REPRODUCE 

A single ceU grows only to a certain size. When this is reached 
growth may stop or, alternatively, the cell may divide into two. 



Fic*. — How a cell divides, (i) The chromatin in the nucleus organises 

itself into knots and clumps. (2) The chromatin forms long threads: 
the asters develop. (3) The threads becomes split longitudinally. 
(4) The chromatin splits into short stout lengths — chromosomes. 
(5, 6, 7) The threads of the asters draw half of each chromosome to 
opposite sides of the cell. (8) The new nuclei organise themselves: the 
c^oplasm develops a “waist/* (9) The c^oplam splits in two: the 
chromoaomes disintegrate to rods and specks of chromatins. The two 
new cells will grow into replicas of (x). (After Wilson and others.) 
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As we shall see, each of us and every animal and plant started life 
as a single ceil, and the many billions of cells in us have all been 
formed from this one. It split into two; these two then spht into 
four, and this division and growth continued until we were full 
grown: and in some parts of our bodies continues till we die. 
This splitting and growing of cells is almost the most important 
thing in the working of a living creature, and it takes place in 
very much the same way in all living things, animals or plants. 
The process seems to be designed so that each of the two new 
cells shall have a nucleus exactly like the old one. 

Fig. 433 shows rather diagrammatically the process of cell 
division. In Plate XLIII are microphotographs showing cell- 
division in the root of a plant and dbe testicle of a newt — two 
utterly different organisms. The process is evidently the same in 
each, and it is not difficult to pick out several of the stages of 
Fig. 433. We do not understand at aU well what forces eause 
this division, but all our ideas about heredity depend on an 
understanding of the way it takes place. 

The first thing that happens when a cell is going to divide 
is that the stuff in the nucleus we have called chromatin, instead 
of lying in fine scattered knots and threads and specks, begins to 
organise itself into larger masses. At the same time, the central 
body divides into two central bodies which move to the opposite 
sides of the nucleus and remain connected by a number of ‘‘rays’’ 
or fibres. Meanwhile, the chromatin has arranged itself into a 
long double spiral thread — the spireme — and this then rearranges 
itself into a number of short lengths called chromosomes. 
These are numerous in some animals and plants, and few in others. 
In man there are 48: in the cockroach there are 34, in the lily 24, 
in the fruit fly 8. These string themselves on to the rays which 
diverge from the two central bodies. Next comes the essential 
feature. Each chromosome splits along its Zf/sg/A; then one half of 
each chromosome migrates to each aster. The half-chromosomes 
are evidently exact duplicates of the old chromosome from which 
they split. Consequently each aster receives as maty chromosomes 
as the original cell bad, Tlie new sets of chromosomes combine 

^ DD* 
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again to a thread round which a new nucleus forms. The 
cytoplasm splits and two cells remain, just like the original but 
smaller! These then grow to full size, and then in turn divide. 


CHROMOSOMES AMD GENES 

Now what are these chromosomes? Why is it that they are 
accurately divided between the daughter cells? Some creatures 
have very large chromosomes which we can see to be a string of 
rings or beads of chromatin, and we believe that all chromosomes 
have such a structure (Plate XLIl). We can observe that in many 
cases if a particular “ring” or “bead” is missing, the animal i$ ab- 
normal in some fixed respect. Each ring or bead^ — ^we call them 
genes — gives the animal or plant a particular dbaracteristic. A man 
is brown-eyed or red-haired or colour-blind because he has or has 
not a particular giMW on one of his chromosomes. The set of genes 
ate in &ct a complete “specification” for an individual. It follows 
from the way cells divide that every cell in the body has the same 
outfit of chromosomes: and that, given a good microscope to 
display the genes — they ate usually too small to be seen by any 
microscope — and the necessary knowledge to recognise them, we 
could tell from a single skin cell in his toe or muscle fibre in his 
arm whether a man was blue-eyed or red-haired or colour-blind! 
A male difiets from a female in having (or in some species not 
having) a particular chromosome. Consequently a man or woman 
is male or female in every cell of his or her body. 

A man or animal or plant carries his heredity in every single 
cell. A tiny piece of a begonia leaf will grow into a plant identical 
with the one the leaf was taken from. The leaf-cells had their 
sets of chromosomes, each a string of genes: the plant grown 
from it had an identical set in every one of its cells. The story of 
die ingenious arrangement by wUcb sexual reproduction tom- 

^ This is not quite accunte: for s charscteristic hereditary fictor may be due to the 
presence or absence of two or three of these rings. The chirnnosomes of a man may 
nave fifty to a hundred thousand hereditary fiiaors. 
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bines the mother’s and father’s chromosomes will be told in 
Chapter XXXIX. It is enough to remember that every cell of 
your body bears in it the exact copy of the set of chromosomes 
you received from your two parents: excepted only your germ 
cells— sperms or ova— which contain only half your set of 
chromosomes. The sperm or ovum which will make your son 
or your daughter contain the genes which give you your 
large nose and your blue eyes, and omit the genes which give you 
your colour-blindness and bad temper. But it may equally well 
be the other way round. The supreme lottery of our lives lay 
in the manner of the selection, at out conception, of the half of 
out father’s genes and of our mother’s genes, which combined 
to make up the cell which developed into our adult selves. 



CHAPTER XXXVm 


How A Man Works 

THE HUMAN MACHINE 

L et us now look into the working of the human machine; 

for the body may be regarded as a machine, even though 
we believe it to be more. The heart is a pump, the bones are 
hinged levers, and their working obeys the same principles as 
lifeless pumps and levers. Qiemical reactions occur in the body 
and obey the same laws as they would in the test tube. If a 
pound of glucose combines with oxygen to give carbon dioxide 
and water in my muscles, glands and nerves, it produces just as 
much energy as it would if it were burnt in the kitchen stove. 
It has been found, then, that the changes which occur in the 
body can be explained in terms of physics and chemistry, if they can 
be explained at all; and accordingly science applies to the study of 
living matter the principles it has found to apply to dead matter. 

It may not be possible to express life itself in terms of physics 
and chemistry— that is, ultimately, of moving electrons and 
atoms. Men of science, who have seen so many mysteries ex- 
pressed in these terms, will press on in their investigation of Ufe, 
and it is not for us to prophesy whether in time they will eq)lain 
it or even create it. 


BONES 

A reasonably large animal cannot well support its own weight 
unless it has some sdfiening tissues. A caterpillar gets on very 
well, m spite of being soft, because he is small. Considering a 
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creature of some given shape, the stiffness or resistance to bending 
depends on the cross-section of the creature’s body, which 
depends on the square of its length; but the bending force depends 
on its weight, which varies as the cube of the length. Conse- 
quently the bigger the creature is the ‘floppier’ it will be. Animals 
and plants, except some of the smallest, are provided with 
stiffening material. Vertebrates — mammals, birds, reptiles, 
amphibians and fish — have bones inside them. Arthropods — 
insects and crustaceans and the like — ^have a hard shell outside 
them. The only large and powerful creatures which have not 
either of these are the octopuses and squids, which (although they 
have an internal shell) depend for that strength and stiifiiess on 
a tough rubbery consistency of their bodies. 

Man, then, has bones linW together by tough ligaments into 
3 framework. These bones are the essential tools with which 
he performs his everyday actions, and they are the pegs on which 
he hangs his various specialised organs. To ^e bones are 
attached most of the engines of his body, the muscles, for the 
task of most of these is to move the bones. 

Bone is a remarkable material. If an engineer were designing 
a man, he would use something a great deal stronger than bone 
to support him, probably stainless steel tubes; but a man must 
grow from a single cell and must deposit his bones from substances 
in his mother’s blood stream or his own. So he must make them 
of some hard material which can be formed from food. Bone is 
laid down first as cartilage or “gristle.” A rod of cartilage cells 
first appears where the bone is to be. Then, in the thick wall of 
cartilage, the hard strong material calcium phosphate appears. 
The new bone is also surrounded by a membiSne (the periosteum) 
which lays bone over the outside. The cartilage is' gradually 
transformed into bone, but the process is not completed in man 
before the age of 28. A large bone like a femur (thigh-bone) 
is hard like ivory outside, but inside has a sort of spongy 
network of bone. The spaces in this “sponge” are filled with 
bone-marrow, which is of two kinds — yellow marrow (largely 
fiu) and ted marrow, which is a most important kind of tissue, 
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for it makes the red corpuscles of the blood. A bone is, then, a 
very efficient support, considering it is made of the rather 
unpromising materials caldom phosphate, which like most stony 
materials is rather britde, and collagen, the tough material of 
gristle. Large bones are built both for lightness and strength, 
for they are tubes of hard heavy bone, supported by the light 
spongy bone within, which is disposed girder-foshion to take the 
strain. 

A bone is a living material. It has tiny blood vessels running 
through it in every direction, as well as the bigger ones, leading 
to the marrow, wWch you can easily find in a b^f bone. Under 
the microscope (Plate XLII), a bone shows myriads of tiny 
“canals,” whidi carry nourishing fluids from the blood and a 
vast number of tiny cavities each containing a living cell: these 
communicate with each other and the canals by still tinier tubes. 

Bone illustrates the remarkable power of repair, which some 
tissues possess and some — ^unfortunately — do not. A broken bone 
is the commonest of accidents. It is extremely instructive to see 
how the body sets about mending it. 

When a bone breaks the blood-vessels are torn and a clot is 
formed round the ends of the broken bones. Within a few days 
cells begin to grow into the clot from all sides and gradually 
teplaceitbyagristly mass of cartilage. Then, just as in the growing 
child, bone is laid down in the cartilage, with the effect that the 
two broken ends are gripped by a lump of rather open-structured 
bone (callus), in the same sort of way as two ends of lead pipe 
are held together by a wiped joint of plumbers’ solder. But now 
a new phenomenon appears. True dense bone begins to grow 
from under the membrane (periosteum) of the fragments: the 
growing ends meet and so truly unite the fragments into a single 
bone under the lump of callus. Next the callus is attacked by 
special bone-destroying cells and totally removed, leaving a 
perfect union. The body makes a temporary scaflbld of bony 
callus while it is permanently repairing foe broken bone. 

Fig. 434 shows foe bone-firamework of foe body. It is interest- 
ing to see how flu: each part is fitted for foe work it has to do. 
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Statt at the feet. The geological evidence shows that man has 
been much as he is for some ten million years. If, as we believe, 


his fore-runners were 
apelike, they did not 
habitually walk in this 
way. It is surprising 
that man in some ten 
million years has not 
become so well adapted 
to the erect position 
as the other mammals 
to the four-legged posi- 
tion which they and 
their ancestors seem to 
have held for some 
hundred million years. 
Man is not comfortable 
in the erect position for 
more than a few hours. 
His feet become tired: 
he wants to sit. Look at 
his feet (Fig. 434a), His 
weight rests chiefly on 
the heads of his meta- 
tarsal bones and his heel 
bone. His whole foot 
forms an arch held up 
by ligaments. It is not 
surprising that his 
whole weight, directed 
to flattening out that 
arch, sometimes suc- 
ceeds in giving him flat 
feet. His foot, then, is 
rather an imperfect 
member. The ankle is 
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made up of 7 bones. 
It is a very compli- 
cated joint and allows 
movement in every 
direction. The ankle 
supports the two shin 
bones; the front one is 
the tibia, the back and 
smaller one the fibula. 
There seems no ob- 
vious advantage in 
having two bones at this point. However, all beasts have them and 
so do wel The knee joint connects the tibia with the femur, the 
great thigh bone. This is admirably shaped to take the body's 
weight, though the “neck" at the top is a source of weakness. 
The leg bones, then, are adapted as columns for support and as 
walking- and running-machines. They are jointed to the pelvis, 
a large basin-shaped bone, into the back of which fits, like a 
wedge, the sacrum, a large bone composed of several vertebrae 
joined together. The pelvis acts as support for many powerful 
muscles (see Fig. 437), it protects and supports the important 
organs of the belly and it takes the weight of the spine or vertebral 
column which supports the other organs. The vertebral column 
(spine or backbone) is a pile of vertebrsc, short columns of bone, 
firmly jointed by cartilage. It supports the whole weight of the 
upper part of the body. Each vertebra has a hole in the hind 
part, and these holes together make a tube, in the cavity of which 
is carried the great bundle of nerves, the spinal cord, which 
carries messages to and from the brain and acts itself as a sort 
of “under-brain." To the upper vertebrae are jointed, rather 
stiffly the ribs, which meet in front in the breast-bone and make 
a barrel-like case which prevents the lungs from collapsing and 
is a protection to the heart and great blood vessels. The arm 
bones are attached to the body in a rather complicated way. 
The collar-bone is joined to the breast-bone at one end and the 
ihoulder-blade (scapula) at the other. The arm-bones joint on 



Fig. 454a. — The arch of the foot prevented from 
sinl^g by ligaments from fore>part to heel and by 
tendons from calf-muscles. 
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to the shoulder-blade. This is why a fall on the arm often breaks 
the collar-bone, the weakest link between the arm and the body. 

The arm is nearly a repetition of the leg. The humerus is 
rather like the femur in shape. The elbow, however, is not so 
much like the knee. There are two joints in the elbow, a hinge 
like the knee joint and a pivot which lets the two bones of the 
forearm (radius and ulna) slide over each other. This pivot 
enables you to turn your forearm. You cannot turn your shin 
at the knee because the tibia and fibula are tightly joined together. 
The wrist is not unlike the ankle, but while the hand has the same 
set of bones as the foot, they are jointed to allow of the freest 
motion instead of being bound by ligaments to give the greatest 
support. The key to the differences between an arm and a leg 
is that a common pattern has been modified to give the greatest 
freedom and range of motion to the atm and the greatest strength 
and stability to the leg. 

The top vertebra is connected by a joint to the skull. The 
lower jaw-bone is hinged to the skull. For the rest, it is made up of 
no less than 21 bones rigidly joined together. These include the 
mouth (upper jaw) and nose bones and the cranium or brain box 
made up of thin bony plates. The skull is perhaps a rather vulner- 
able container for the most essential tissue of the body, the brain. 
Here is a respect in which man shows his character as a new- 
comer to the world. He has evolved a huge and very vulnerable 
brain, but he has not contrived to get a brain-box which will 
survive a moderate fall or a fairly vigorous blow. 

The other animals with their smaller brains and large protruding 
jaws escape this danger. 

JOINTS 

The bony framework is bound together by ligaments. A joint 
is a very remarkable structure. An engineer might criticise it 
as lacking strength — no one dislocates his axles and pivots! 
None the less, the human joints arc surprisingly strong: it is 
easier to break the femur than to dislocate the thigh. A joint. 
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Fig. 43 j. — Typical joints. Bone is represented as dotted, the lining of cartilage as 
black. (Top) The knee; M, muscle; P, patella (kneecap); F, femur (thigh bone); 
T, Fi, tibia and fibula (shinbones); L, ligaments holding the joint together; S, 
lining cartilage. (Bottom left and centre) shoulder joint. Sc, scapula Shoulder 
blade); H, humerus (upper arm bone); C, cartilage. (Bottom right) spinal column. 
V, belies of vertebrae joined by anon-sliding joint; C, cartilage; S, sliding joints, 
which also act as stops. 


moreover, keeps itself well oiled and in repair for sixty or seventy 
years, which is a pretty considerable feat. A joint is made thus. 
The two bones have ends shaped to fit each other, and the surface 
of these is lined with cartilage. The joint is enclosed in a strong 
bag or capsule in which the ends of the bones move. This 
is clearly shown in the lower drawing of the shoulder joint 
(Fig. 455). This bag with other strong bands of cardlage (not 
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shown) keep the bones from coming apart. The walls of the 
bag produce a lubricating fluid. The chief kinds of joint are, 
first, ball-and-socket joints as in the shoulder and hip. These 
can be moved in any direction. Hinge joints which can be moved 
only in one direction are the commonest. The elbow, knee and 
finger are good examples. The bones are moved by muscles 
pulling on them. Muscles can only pull and cannot push, so 
every motion involves at least two muscles, one to make the 
motion and one to restore it. All bodily motions are adaptations 
of the lever. The muscles give a very powerful pull for a very 
short distance. The bones and joints are so arranged that the 
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short powerful pull of the muscle is converted into a much 
longer and much weaker motion. One of the simplest examples 
is to be found in the biceps muscle which flexes the elbow joint. 
A muscle has the power of contracting, i.e., becoming shorter 
and thicker. The biceps is attached to a part of the shoulder-blade 
above and to the forearm bone (the radius) below. When it shortens, 
it pulls the forearm and hand upward. Fig. 436 gives afewsimplc 
examples of how muscles and bones work as simple levers. 

Our muscles arc not only used for motion, but also to enable 
us to keep still I A dead man whose muscles are relaxed cannot 
be made to stand or sit. We keep our usual position by pulling 



Pig. 4?7.— Ulustiatcs the most important muscles and their functions. There are so 
many important muscles that it Is necessary to omit many of them. 
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ourselves two ways at once. A tent pole can be kept uptight by 
three or mote stretched ropes pulling on it. This is how we 
support ourselves. Consider, for example, your head. If you 
fainted or even went to sleep, your head would fall sideways or 
forwards. It is kept up by several groups of muscles. Some 
stretch from the spine to the back of the head, so pulling it 
backwards, others from the lower vertebrx to the front of the 
skull pull it forward. Several large muscles also pull the skull 
sideways. At “rest” these muscles arc gently pulling against 
each other and against the weight of the head. The head of 
man and of all animals is so balanced that it tends to fall forwards 
as, indeed, does the whole skeleton above the knees: consequently 
the muscles pulling it backward are very much stronger than 
those pulling it forward. Fig. 457 maps out the way in which 
the groups of muscles hold the body upright. 

Look at the knee joint. If you fainted it would flex at once. 
A strong muscle, the quadriceps femoris (Fig. 437) attached to 
the top of the thigh-bone and the top of the shin-bone pulls the 
knee cap againstthe knee-joint and so prevents it moving forward. 
It cannot move backward on account of the way the joint is made. 

Now look at the back-bone. A big muscle (sacrospinalis) — the 
bit we cat as the “eye” of a chop — ^is attached to the pelvis and 
p ulls the spine backwards while the belly-muscles and, still 
more effectively, the weight of the body pull it forwards. A study 
of Fig. 437 will give a fair idea of the way the pulls of the groups 
of muscles balance and so hold the bones in the positions we 
demand. 

There are, of course, many muscles which do other things 
than move bones. The action of swallowing, the churning of the 
stomach and intestine, the pumping of the hfeart — ^in fact almost 
every movement that takes place in the body, is the result of the 
contraction of a muscle-fibre. 

There is nothing at all mysterious about the way muscles arc 
used: in faa, it seems surprising that such simple devices are 
enough for the delicate manipulations of the human body. The 
wheel and the screw are not u-sed anywhere in nature: the only 
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mechanical device employed is the lever. A very good reason 
for this is the difficulty of getting a supply of blood to a rotating 
wheel or screw; but in any case the way of nature is to work 
out the possibilities of one type of process in all its elaborate 
variations and leave the others alone. All the marvellous adapta^^ 
dons in animals and plants seem to have been brought about 
by an accumulation of little alterations: there has probably never 
been a sudden production of a wholly new type of creature or 
mode of working. 


MUSCLE 

But all simplicity disappears again when we turn to the muscle 
itself. This — ^the sole motive power of animals — ^is still a mystery, 
though much more is known about it than in former years. We 
know about as much of muscle — the human engine — ^as the 
worst type of car-driver knows about his engine. We know it 
needs fhel and air. We know what the fuel is and we know what 
the waste-products or exhaust are. We know what starts it moving 
and we know what it looks like. But as to how the machin e 
works, we are still only hazarding guesses. 

A muscle is a familiar enough objca: a leg of mutton is a mass 
of muscle. You can see easily enough that it is composed of 
fibres all running in the same direction. When a musde exerts 
its force, its volume does not alter much but its shape does, for 
it contracts, becoming thicker and shorter. You can see this 
easily enough on your own biceps or the muscles of your calf. 
The microscope shows that a muscle is made up of myriads of 
spindle-shaped muscle cells each too narrow to be seen. These 
may be about an inch long and ^^^th inch wide. Each one has a 
nerve fibre attached to it, and if this nerve is stimulated by touch- 
ing it or by electricity, the muscle ceU shortens and thickens. Since 
all the cells in the muscle point the same way, the whole muscle 
shortens and thickens when the nerve-trunk leading to it (which 
has a nerve-thread for every cell) is stimulated. Leaving aside the 
question of how the nerve makes the muscle-cell move, let us 
examine mote closely the muscle-cell itself. As example, we may 
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take a voluntary muscle— moved at will — as distinguished from 
a muscle like those of the heart or the intestine, which do not 
obey our commands. All muscle easily divides into fibres: its 
fibrous nature is obvious in a tough steak. But it can further be 
divided up into much finer fibrillae, which may be only mm. 
in diameter. These are the real units of muscle. Each fibre is 
equipped with a nerve thread which has the power to start it 
contracting, and the whole muscle is honeycombed with blood 
vessels running among the fibres to bring them their needed 
fuel and air. The muscle fibre has a number of nuclei dotted 
about it and can be looked on as a number of cells with their 
cytoplasm in common. This c]rtopla8m is the part which docs 
the contracting. In a voluntary muscle, it appears to consist of 
alternate dark and light portions, which show up well in Plate 
XLl V. These arc usually thought to be transverse bands, but some 

photographs indicate a spiral struc- 
ture. The middle (dark) portion, when 
the muscle contracts, charges at the 
expense of the clear part; some liquid 
from the latter evidently flows into 
the former. The result, at any rate, 
is that each muscle fibre becomes 
thicker and shorter. 

No theory which will hold water 
has been produced to explain why the 
chemical changes which go on in 
muscle should cause this shortening. 
Nearly all the fundamental problems 
of the working of the body come 
down to the (Question, “WTiat is 
going on in this ccU?^* and our answer is usually ‘ a declara- 
tion of ignorance. The cell is on so minute a scale that 
the chemist cannot apply his tests to different parts of it to find 
out the way the different chemical substances are distributed in 
it. In any event, he has no sensitive tests for smaU portions of 
individual proteins. The explanation of cell chemistry and with 



Fig. 45 8. — ^Muscle fibres much 
enlarged (see Plate XLIV)* 
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it of muscular contraction must await a new laboratory technique. 

The muscle does work, and like every engine it must obtain 
its energy from somewhere. Its energy is supplied tdtimattlj by 
turning sugar and oxygen into carbon dioxide and water; in 
fact, by burning sugar just as a steam engine bums coal. But 
the burning is done in a curiously roimdabout way. It would not 
do for the muscle to liberate heat and turn this into work as a 
steam-engine does, for heat can only be turned efficiently into 
work if there is a fairly large temperature diffierence (p. 262) in 
the engine, and this would be impossible, for biological processes 
only work over a very small range of temperature. The muscle 
evidently turns chemical energy directly into work. Its efficiency 
is quite high, from 25% to 40%, always better t han the best 
reciprocating steam-engine and sometimes as good as the best 
Diesel. Its power-weight ratio is poor. A man of 140 lbs. weight, 
rushing upstairs at his highest rate of working, exerts about 
2 h.p.; deducting some 50 lbs. for his arms and other organs 
which do not contribute to the effort, his power-weight ratio may 
be 4 j lbs. per h.p. A petrol engine may weigh less than i lb. pet h.p. 

The story of the musde-engine is something like this. Food, 
when digested, gives the sugar, glucose. This passes into ffie 
blood and is partly stored in the liver as “glycogen,” a sort of 
starch which at a moment’s notice can be turned into glucose 
again. A small proportion is always circulating in the blood. 
Glucose is also partly stored as glycogen in the muscles (which 
may contain up to i % of it). 

Tlie muscles, when resting, contain (1) this glycogen and also 
(2) a substance called adenosine triphosphate which supplies 
“phosphate ions” when required and stores them when not in use. 
The muscle is now made to contract by a nerve-impulse. It gets 
the necessary energy by turning a molecule of glycogen, first into 
several molecules of other substances called hexose-phosphates, 
each of which then is transformed, by a series of at least eight 
reactions, into two molecules of lactic add and the phosphate ion. 

This rearrangement of molecules liberates energy partly as 
work, partly as heat. This process, you will notice, uses up no 
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oxygen. A muscle can therefore contract without oxygen. But, 
as it does so, the lactic acid Hrst produces sodium lactate in the 
tissues and finally accumulates in the muscle, which becomes 
“fctigued” and ceases to work. Now comes the role of the oxygen 
in the blood. This oxygen turns about a fifth of this lactic acid 
to carbon dioxide and water, so liberating chemical energy. The 
rest of the lactic acid is believed to be transformed by the help of 
the chemical energy back to glycogen again. So the muscle’s 
chemical action is something like the scheme on p. 837, which, 
however, omits many of the intermediate stages. 

It should be noted that the only things used up are glycogen and 
oxygen and the only things that ate formed arc carbon dioxide 
and water. 

A muscle is an efficient engine, but it can at best only turn 
some 40% of the energy supplied to it into work. The rest 
appears as heat, a fact which explains why exercise makes us hot. 
Suppose the efficiency of a muscle is 33% and suppose you cycle 
for an hour and exert ^ h.p. in doing it. A quarter of a horse- 
power hour of work must then involve the production of ^ h.p. 
hour in the form of heat. This is about 3 30,000 calories, enough to 
heat the body to about 109® F. Actually, however, one keeps 
quite cool because the body has admirable means of dispersing 
its unwanted heat. (p. 117). But if the body works at much greater 
power, say i h.p., the heat produced is, of course, four times as 
great and becomes quite difficult to disperse, and one feels 
exceedingly hot. Exercise also makes one pant. The reason is 
cleat. Oxygen is needed to remove the lactates; and the carbon 
dioxide produced has also to be removed, so the gas-circulating 
organs, which are the lungs, miist work overtime. The air is 
transferred from the lungs to the muscles by the blood; accord- 
ingly, during exercise the heart works harder and may pump 
six times as much blood round the body. The oxidation of 
lactates and removal of the waste products goes on for some 
time after exercise has ceased and so one does not cease to pant 
after the exertion is over. After severe exercise the breatffing 
and drculation may not become normal until an hour has passed. 
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The oxidation too does not begin until a certain amount of lactate 
has accumulated; consequently, in a hundred yards sprint race, 
the runner often does not begin to pant dll he has reached the 
tape. 

THE BLOOD 

The muscles, in order that they may work, need glucose to 
replenish their glycogen fuel, and oxygen to oxidise their lactates. 
These are supplied by the blood. Bvery single cell in the body 
needs a supply of oxygen, a supply of food material and a service 
for removal of waste products. A small single-celled animal has 
so small a bulk compared to its surface foat it can take in dissolved 
food and oxygen and excrete its waste products all through its 
skin. Consider a small spherical bacterium about mm. in 

diameter. Its bulk is given by— X X ( — - — V cubic centi- 

} 7 \20,000/ 

metres, approximately o.j Xio~“ cc. Its surface is 4 X-^^- X 

sq.cm. = 3 X io~*sq. cm. Soithasaboutiyoo square 

centimetres of sur&ce for every cubic centimetre of bulk. Now 
consider a man. His bulk may be about 70,000 ccs. and his 
surface about 12,000 square centimetres. Consequently he has 
only about one-sixth of a square centimetre of sui^e to every 
cubic centimetre of bulk. This shows clearly that a large 
assembly of cells must find a way of supplying air and food to 
each of its members. The animal’s answer to the problem is to 
dissolve air and suitably prepared food in' a liquid and pump 
this dirough a set of pipes to every cell in the body. ‘ 

This liquid which brings air and food to the cells is the blood. 
The blood of man y lower creatures is colourless. This means 
that it does not contain the substance hemoglobin which is the 
chief carrier of ait. Consequently, the only creatures with 
cplnufleas blood ate small— their relatively big surface allowing 
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them to take in air mainly through their exterior. The insects 
have a system of air-pipes ramifying through their bodies, to 
bring oxygen to their muscles, lliey can therefore exist with a 
colourless blood which catties litde oxygen. 

The human body contains about a gallon and a half of blood — 
say 15 lbs. Everyone knows its appearance — an opaque red 
liquid, brilliant red when taken from an artery, purplish red when 
taken from a vein. The microscope shows that it is a clear yellow- 
ish liquid (plasma) in which float a great number of very minute 
bodies. Most of these are round flat ^scs — ^red corpuscles. These 
are the ait carriers. In addition, there is a much smaller number 
of colourless cells of several kinds (Plate XLIII). 

If blood is centrifuged (p. 166) the heavier red corpuscles 
settle out and leave the cleat yellowish liqxiid in which they were 
floating. This liquid is a watery solution of many substances, 
but chiefly of certain proteins. One is fibrinogen, which makes 
blood clot after it has been shed; the others, serum-globulin and 
serum-albumin, are rather like white of egg. The blood plasma 
contains about 8% of these. 

These proteins are made in the liver. Why should thfe clear part 
of blood need to contain these proteins? First of all, the big 
molecules of proteins contain groups of atoms which behave as 
acids and other groups which behave as alkalis — consequently 
they combine with and neutralise (p. 579) any acid or alkali which 
might enter the blood and would seriously derange the body’s 
working. Secondly, fibrinogen dots when blood is shed and so 
makes ^e blood stanch the wound from which it is escaping. 
There ate a few &milies in which is handed down the defect of 
having blood which dots very slowly or not at all. The unfor- 
tunate haemophiliac or ‘'bleeder” may lose his Ufe from the 
smallest cut, which continues to ooze for hours. Some of the 
royal fmiilies of Europe have this unfortunate heredity, which 
will be mentioned again in connection with inheritance. Gotting 
must not, of course, occur within the normal body and so a 
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rather complicated chemical mechanism prevents this. 

There is an inactive substance in the blood called prothrombin. 
When blood is shed minute bodies in it called platelets break up 
and liberate an enzyme (p. 864) thromboplastin. This with calcium 
ions turns prothrombin into the enzyme thrombin which turns 
the soluble protein fibrinogen into fibrin, which does not dissolve 
in water and consequently appears first as a dark-red jelly and 
finally as a tough clot. The red colour is only due to entangled 
corpuscles: pure fibrin is yellowish. It is important that the blood 
shall not clot in the body: this seems to be assured by the presence 
of a substance known as heparin^ scareted by the ‘‘mast cells” 
found in many parts of the body and especially the liver. 

The plasma of the blood, besides these proteins, contains 
always a little glucose, some 0.6% of salts — mostly common salt, 
a trace of calcium compounds and a certain small proportion of 
waste products like urea. It always contains some dissolved 
carbon dioxide produced by the activity of the cells, and it is the 
plasma which carries this carbon dioxide to the lungs. The blood, 
too, carries food material from the digestive tissues to the rest 
of the body, so during the digestion of a meal it may contain 
other substances, such as fat globules. 

The red corpuscles of the blood are not true cells, for they have 
no nuclei. They are made in the red marrow of the bones. They 
bud off from the walls of the veins in the marrow and start with 
large nuclei like ordinary cells. They lose these nuclei as they 
grow older and become tiny slightlyhollowed discs about mm. 
in diameter. Every cubic millimetre of normal blood contains 
about 5,000,000 of these discs, so a man’s whole body contains 
about thirty billion corpuscles. A corpuscle lasts only about a 
month and then disintegrates. Every day a billion ‘ corpuscles 
are made and destroyed in your body. Each corpuscle carries a 
little of the red substance haemoglobin. It is a very complicated 
substance containing a little iron. Its importance is that if supplied 
with plenty of oxygen — as in the lungs — it combines with it and 
becomes bright-red oxyhaemoglobin. This travels round in the 
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blood via the atteries to the tissues — ^glands, muscles, aerves 
etc. A tissue is alurays using up oxygen, consequently theie is 
never much fme oxygen in a living tissue. The oxyhaemoglobin 
then gives up its load of oxygen in the tissues and turns back to 
the purplish haemoglobin. The blood returns through the veins 
and takes this back to the lungs to receive another dose of 
oxygen. 

The spleen is an organ as big as a fist (p. 879) and receives an 
artery from the aorta and sends a vein to meet the portal vein. 
It acts as a reservoir of red corpuscles. If the body receives a 
serious demand for more oxygen the spleen contracts and sends 
these corpuscles out into the circulation. Thus the spleen contracts 
when violent exercise is taken or in cases of carbon monoxide 
poisoning when blood corpuscles are put out of action (p. 590), 
or in anasmia, when they are too few. It also seems to be able to 
break up old corpuscles and set the iron in them free so that 
new ones can be made. 

Extensive bleeding is of course a very serious condition: its 
ill efiect is largely due to the reduction of oxygen supply to the 
heart and brain. The most effective treatment for loss of much 
blood is blood transfusion — taking blood from a healthy person 
and transferring it to the patient who needs it. When this was 
first practised, it was noticed that sometimes it was a spectacular 
success and sometimes a complete &ilure — often killing the 
patient. It was discovered that some specimens of blood when 
introduced into a foreign bloodstream agglutinated', that is to say, 
the ted cells joined together into masses which blocked the 
smallest blood vessels and set up a disastrous set of symptoms. 
It was finally worked out that there were four groups of people 
with different kinds of blood. They are called Group AB, 
Group A, Group B, Group O. 

Group AB’s blood is agglutinated by the blood of every group 
but its own. Group A’s blood is agglutinated by the blood of 
Groups AB and B. Group B’s blood is agglutinated by the blood 
of groups AB and A. Group O’s blood is not agglutinated by 
any blood. Accordingly, Group O people are the only ones 
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who can give blood to anyone without danger of causing 
agglutination. 

Everyone belongs to one of these groups. They are hereditary 
and the way they are inherited has been worked out. Thus, the 
children of two Group O people must belong to Group O; the 
children of two AB*s cannot be Group O's . . . etc. On the 
Continent the blood-group of a child is accepted as evidence of 
his parentage. Thus, if Emma, who is of Group O, has a baby 
which is of Group AB, Charlie, who is also of Group O, cannot 
be the father! For some reason, the British courts have only 
very recently begun to accept this evidence. It cannot prove that 
anyone is the i^ther of a child, but it can prove that certain people 
are not. 

There are several other blood-groi^s in addition to A, B, O 
and AB. Thus bloods of all these types can be further classified 
into Rh-positive and Rh-negative blood (the “Rhesus Factor*’). 
Rh-positives (86% of the populatiott) react to the antiserum 
(p. 1014) made by injecting the blood of the rhesus-monkey into 
rabbits. The importance of this is found when an Rh-negative 
mother is pregnant by an Rh-positive father. The foetus may be 
Rh-positive or Rh-negative. In the latter case no harm is done, 
but in the former case the Rh-substance from the foetus may 
cause the mother to produce an antiserum for the blood of the 
foetus which destroys its blood corpuscles and causes miscarriages 
and still-births. It is therefore inadvisable for an Rh-negative 
woman to marry an Rh-positive man, though the fact is rarely 
discovered till too late. The Rh-factor is inherited along Men- 
delian lines and is a Mendelian dominant (p. 914)* Only those 
with two negative factors react negative, so, on an average, a 
quarter of the children conceived in such a union as‘ the above 
will be Rh-negative and will therefore not be harmed by the 
mother’s antiserum. 

The white blood corpuscles are very different from the red. 
They are much fewer, averaging about one to every eight or nine 
hundred red. They originate in the tissues outside the blood- 
vessels and migrate through the walls of the tiny capillaries. They 



844 Tlfe World of Science 

behave like independent living creatures, and indeed look and 
behave very much like a very small amoeba (Plates XLII, XLIIl). 
They can migrate about the body and their chief function is to 
engulf any foreign particles and digest them. They destroy bacteria 
or dead tissue cells and, in fact, are the defenders and scavengers of 
the body. Suppose you prick yourself with a dirty pin. The skin, 
when injured, produces something which makes the little blood- 
vessels widen --the region round is engorged with blood and a 
red spot is seen. The baaeria contained in the dirt on the pin- 
point begin to multiply. The white cells, attracted apparently 
by the chemical substances exuded by the injured tissue, migrate 
to the scene of action, devour the bacteria and the dead cells. 
The spot is cleaned up and returns to normal. If much dead 
tissue and bacteria are present, great numbers of white cells are 
brought up. They die, after ^gesting some of the dead tissue 
and bacteria, and a yellow liquid— pus — consisting of dead white 
cells, dead and living bacteria, etc., forms in the wound and 
constitutes an abscess, which, as it is a stronghold of bacteria, 
requires to be emptied by opening it up freely. 

One more constituent of blood requires mention — the platelets, 
which are very small bodies about a third of the size of a red 
corpuscle. There should be about one platelet per twelve red 
corpuscles. Their function is to set free the substance that causes 
the blood to clot. 


THE CIRCUIiATION 

The blood is forced through every organ of the body. Even 
when we are at rest, the whole of our blood passes through the 
heart every minute. When violent exercise is being taken, as 
much as eight gallons a minute may pass through the heart. An 
ordinary kitchen tap turned full on gives only four gallons a 
minute, a fact which gives a picture of the rush of blood which 
swirls through our arteries. The object of the blood is to take food 
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Microphotograpb of cell division in the root of a plant. 
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and air to the cells of muscle and bone and every other tissue. The 
blood cannot do this, unless it is brought very close to the cells. 
This is accomplished by means of a meshwork of minute tubes 
called capillaries which permeate every tissue in the body. These, 
invisible to the eye, are the place where the work of the blood 
is done. The great blood-vessels, arteries and veins are only 
pipes to lead the blood where it is wanted. These capillaries are 
often finer than a hair and the blood works its way along them 
but slowly; there are, however, such an enormous number of them 
that the blood passes quite quickly through such an organ as a 
big muscle. Fig. 439 gives ^ 

some idea of the circula- 
tion through the hand. 

The blood from the heart 
travels via various arteries 
(lighter shading) to the 
wrist. These break up 




Fig. 4^9. — Circulation in back 
(top) and front (bottom) oi 
hand. Arteries light; veins dark; 
capillaries of course, are toe 
so^ to be shown. 
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into smaller arteries: these branch into smaller arteries still, 
till the blood is lost to sight in a maze of tiny tubes far too 
small to be drawn. Here it does its work of imparting air 
and food. The tiny capillaries converge and join to form 
larger tubes which again converge to form the veins (darker 
shading) which carry the blood back to the heart. This story 
is true of all the organs in the body; each has an artery 
which branches out into capillaries which rejoin to form a 
vein. 

The general way the blood flows round the body is shown in 
Fig. 440. Remember for the moment that the heart is two separate 
pumps. Start at the right side of the heart (the fellow in the 
diagram’s right — not yours). The blood entering this has just 
returned from the body and so requires fresh oxygen. It goes 
from the right side of the heart to the lungs, and, with its load 
of oxygen, back to the left side of the heart and thence to the 
great main artery of the body, the aorta. Here it takes several 
alternative courses: some goes to the arms and back again, some 
to the head and back again, some goes to the bowels and returns, 
laden with food products, through the liver, the greatest chemical 
laboratory in the body; some goes to the kidneys to be purged 
of waste products, and returns; some goes to the legs and back 
again. All the returning blood goes to the right side of the heart 
and repeats its journey again. It takes a good deal of force to 
squeeze the blood through the capillaries of the various organs; 
and this task is made much easier by the arteries being elastic. 
The heart pumps a tumblerful of blood into the arteries, which are 
distended by it as soft rubber tubes would be. The elastic arteries 
then contract and squeeze the blood steadily on. The waves of 
contraction and expansion are felt in the pulse. The effect of 
these elastic arteries is the same as that of the vessel filled with 
elastic air in the force-pump (Fig. 103, p. 198); in each case 
an intermittent flow with alternate peaks of high pressure and 
troughs of low pressure is converted into a steady flow at a 
medium pressure. In old age, the arteries often lose their elas- 
ticity. The heart then forces the blood into a tube that can 
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stretch but little; consequently, a big pressure of blood is pro- 
duced and a little blood-vessel may burst. If this occurs in 
the brain a “stroke” is the result. An artery, then, is a 
very strong elastic tube made up of several coatings. The biggest 
artery in the body is the aorta: it may be about as large as a table- 
napkin ring. The femoral artery which supplies the leg may be 
of about a centimetre bore. 

Veins are very 
different from arteries. 

They are not having 
blood forcibly driven 
into them, for the effort 
of driving the blood 
through the capillaries 
exhausts all the force 
the heart originally 
gave it. Consequently 
thick, strong tubes are 
not needed for veins 
and thin and weak 
ones suffice. The blood 

Fig. 440.-— Gencfld circulation 
of blood as set out on p. 846. 

RA. right auricle (atrium); 

R. V. right ventricle 
P.A. pulmonary artery 
P.V. pulmonarv vein 
L.A, left auricle 
L.V. left ventricle 

A. aorta 

CA. carotid arteries 

S. A. subclavian artery 
I.V.C. inferior vena cava 
S.V.C superior vena cava 

S.V. sutxdavian vein 
J.V. jugular vein 
Pt.V. portal vein 

In addition to these are 
shown the blood supplies 
to liver, spleen, intestinal 
tract, Id^ys, legs. 
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returns through them^ partly because the heart sucks it out like 
a pump, but more because they are furnished with valves which 
will let blood run towards the heart but not away from it. When 
you move, your muscles contract and squeeze the veins that lie 
near them; this pushes the blood towards the heart, for it cannot 
go the other way. Exercise is therefore directly helpful to the 
blood-circulation. 

We have just seen that the blood nourishes and aerates the 
cells by being carried to them along the capillaries. But the cell 
itself is not entered by the blood. Some plasma filters through 
the very thin wall of the capillary into the tissue cells and spaces, 
carrying with it food materials, etc. The lymphatics arc a separate 
system of tubes designed to bring that plasma back to the circu- 


BLOOD FLOWING THROUGH CAPILLARY THROUGH 
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LYMPH CAPILLARY CARRYING LYMPH TO 
VEINS 

Fig. 441. — Diagram of the course of lymph. 


lation. The lymphatics begin as capillaries with blind ends and 
very thin walls. The tissue fluid or “lymph” can pass through 
these. It finds its way, chiefly as a result of the pressure of the 
muscles, from lymph capillaries to larger and larger vessels. All 
the lymphatic vessels of the body drain into one large one which 
empties itself into one of the great veins at the toot of the neck. 
On its way back to this, the lymph passes through lymph glands 
which act as filters. You can feel several as lumps under your 
lower jawbone. If you have a septic tooth, the lymph from it 
contains poisons which the lymphatic gland filters out: you can 
then feel it enlarged and tender. These glands are great safe- 
guards in protecting the bloodstream from infective matter from 
wounds and diseased tissues. 
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THE HEART 

The heart, mechanically speaking, is a pair of very simple 
pumps. In principle it is simply two bags which contract and 



Fig. 442. — One of the valves of the heart (diagrammatic). Blood 
can flow only in the direction of the points of the flaps. 


expand and which have an inlet and outlet valve, made of flaps 
of tissue so arranged (Fig. 442) that the pressure of blood in one 
direction forces them apart and in the other direction forces them 
together. Fig. 443 shows how it works. At stage one, the heart 
is expanding; the inlet valves are open. Blood is pouring into the 
muscular ventricles on the right side from the veins; on the 
left side from the lungs. At stage two the heart has begun to 
contract from the top downwards. The top portions, the 
auricles, are contracting and forcing the blood they contain into 
the ventricles below which have not yet begun to contract. At 
stage three the ventricles of the heart contract: the blood is 
forced through the outlet valves. From the right side, it goes 
to the lungs; from the left side to the whole of the rest of the 
body. While this is happening, the auricles are expanding again 
and receiving a fresh charge of blood from the veins. So the 
action of the heart is a wave of contraction starting (stage two) 
at the auricles and passing down (stage three) to the ventricles, 
followed by expansion (stage one). Before we consider how this 



Fig. 443. — The heart, (i) Before contraction has begun 
(diastok): heart filkd with blckxl. (2) Contraction begin* 
ning. Inlet valves just closing (presystole). (5) The heart 
fully contracted: blood driven out through the outlet valves 
(systole). (4) External view showing the coronary arteries 
which supply the heart itself with blood. R.A. Right auricle 
(atrium). L.A. Left auricle. R.V. Right ventricle. L.V. Left 
ventricle. 

movement is controlled, we may reflect that the heart muscle 
itself must have a blood supplyl Little side arteries, the coronaries, 
take a supply of blood from the aorta; this blood permeates the 
heart muscle and is returned to the right side of the heart. 

The heart’s most remarkable feature is that it may work 
apparently continuously for a hundred years. There is a little 
space of rest between each wave of contraction. This seems to 
be rest enough for it. The incredible reliability and lastingness 
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of a pun^ made of such apparently onsuitable material must 
always be a source of wonder to the engineer. 

The rate of supply of blood has to be adjusted to a yety 
variable demand. Hie oxygen which is consumed by die body 
may vary from half a pint a minute at rest to nearly a gaUon a 
minute when violent exercise is being taken. The only way to 
get this oxygen to the tissues is to increase the blood-flow. 
Accordingly, the body has to regulate the speed of the heart-beat 
very delicately. Two nerves, the vagus and the sympathetic, 
control the heart. The former slows the heart, the latter 
accelerates it. Both nerves arise frmn centres in the lower part 
of the brain, which is the centre of control. Everyone who has 
been in love or frightened knows the tfect of the brain on the 
heart; but control is automatically going on even when we do 
not realise it. The pressure in certain of the arteries and veins 
affects nerves which can control the heart. Thus, if the blood 
pressure becomes low in the carotid anus, a Uttle pocket in the 
big artery of the neck, a nerve automatically transmits an impulse 
to the heart which speeds it up and so makes the blood pressure 
higher again. This process keeps the heart going at a steady rate. 
Now suppose you begin to take violent exercise. Your muscles, 
as they contract, squeeze the blood back through the veins far 
more rapidly than before. The pressure in the great returning 
veins increases. This operates a nerve mechanism which stimu- 
lates the heart to beat flister and circulate the blood mote rapidly. 
A great deal is known about the way the wave of contraction 
spreads down the heart, but it is perhaps more important to 
doctors than to ordinary readers. 

« 

AIR SUPPLY 

Hie supply of oxygen to the muscles and other tissues is, then, 
regulated to some extent by the rate of working of the heart, 
but fhe control of breathing by the acidity of the blood is a still 
more delicate adjustment. The apparatus for supplying air to 
the body is the lung. Blood supplied to the long by the right 
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side of the heart has its purplish haemoglobin changed in the 
lung into bright red oxyb^oglobin. The left side of the heart 
pumps this to the body. In the tissues where there is very little 
oxygen, the oxyhaemoglobin breaks up and gives oxygen. This 
dissolves in the plasma of the blood and diffuses through the 
capillary walls to the cells that need it. These make the oxygen 
combine with various chemical compounds and so get the energy 
they need. The final products of the cells’ action are water and 
carbon dioxide. This latter dissolves in the tissue fluids, diffuses 
back through the capillary walls to the blood stream and is 
carried back with it to the right side of the heart and thus to the 
lungs again. Here the blood gives up some of its carbon dioxide 

and takes up more oxygen. 

The lung, then, is designed to 
bring the blood into close con- 
nection with a supply of air which 
must of course be continually 
changed as the blood removes 
oxygen from it and puts carbon 
dioxide into it. Air can enter the 
body by mouth or nose. The nose 
is the organ designed as an air- 
entry! the mouth is for use only 
when large air supplies are 
needed. The nose opens into a 
large narrow irregular chamber 
lined with warm, moist mem- 
brane. Consequently the air 
passing through it is warmed and 
moistened and to some extent 



Fig. 444. — ^Diagram of the structure 
the lung magnified 125 times. 
A. blood vessel carrying oxy- 
genated blood to the left side of 
the heart. B. blood vessel bring- 
ing de-oxygenated biood from the 
right side of the heart. C air cells 
a^ capillaries. D. bronchiole or 
tube bringing air. 


freed from dust. It then passes 
down a wide tube — ^the trachea 
or wind-pipe — through the voice- 
box. This tube divides into two 
bronchi leading to each lung. 
The lungs are like an inverted 
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tree whose trunk is the windpipe, whose branches are the smaller air 
tubes and whose leaves are little air-cells or alveoli. The branching 
structure is well seen in the X-ray photo of Plate XXVI. The walls 
of these air-cells are honeycombed with blood-vessels, with very 
thin walls of living cells through which oxygen and carbon dioxide 
can pass. All that separates the blood from the air is the very 
thin wall of the capillary and the membrane over it. Fig. 444 
shows single grape-like bunches of air-cells magnified about 
J25 times; the piece shown would be ^gin. long, just big enough 
to be seen. The whole lung is made up of these branching air- 
tubes and air-cells and the network of blood-vessels leading to 
them and lining them. 



Fig. 44J. — ^The lungs in position in the body. 
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Fig. 445 shows how the lungs lie in the body. They ate 
completdy enclosed in a case with a movable walL 'Hie top of the 
case is the ribs and the bottom is the diaphragm — a big sheet of 
muscle which divides the body in two. This case is lined with 
a membrane called the pleura. This passes round the heart, 
which lies between the two lungs; the membrane in this part is 
called the pericardium. The lungs lie in this case and fill it 
completely. Now this case can expand and contract. When it 
expands, the lungs must expand too and so take in air; if they 
did not, a vacuum would be left between them and the lining 
of rile case, and the air pressure in the lungs would instantly 
expand them. When the case contracts, air is forced out of the lungs. 

Fig. 446 shows 
how the “case” is 
made to expand. 
The diaphragm con- 
tracts and pulls the 
bottom of the case 
down while a muscle 
in the neck, the sca- 
lene, and also the 
rib-muscles pull the 
top ribs up. To make 
the case contract, 
these muscles relax 
and the big muscles 
of the front and 
sides of the belly pull 
the bottom edge of 
the rib-case down, while the diaphragm expands and pushes 
the lungs up. 

This arrangement makes the lungs blow air in and out; from 
rile engineering point of view it is a poor ventilating arrangement, 
for the ait is by no means completely expelled at each breath and 
the air in the depths of the lung cells is only quite slowly changed. 
None the less, it answers very well, for the very moderate design 
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Fig. 446. — ^niusttating the maiiner in which the muscles 
(bla^) cause the lungs (left) to expand and (right) 
to contfact. 
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is made up fot by the marvellously delicate adjustment of the 
speed of breathing. In the lower part of the brain is a “centre” 
or regulator, which in some way which is not understood responds 
to the acidity of the blood. If the blood is more acid than usual, 
the brain centre sends a message psa a nerve to the diaphragm 
muscle, which is thereby made to contract mote strongly and 
work ibe lungs more efficiently. If the blood is less add (more 
alkaline) than usual, the centre sends an order to the diaphrag m 
to make the lungs work more gently. 

The differences of addity it responds to are extremely minute, 
and even the most delicate electrical apparatus would not always 
detect them. Now, when cells of ai^ kind in the body work 
extra hard, they produce more of the Add gas carbon dioxide. 
This dissolves in the blood and makat is slightly mors acid. This 
makes the respiratory centre in the biein send its order that the 
lungs shall be speeded up. G>nsequently the air gets changed 
oftener in the lungs and so is fresher and contains more oxygen. 
The blood therefore gets more fully charged with oxygen. This 
is carried round to the hard-working tissues whi^ need iti 
The extra ventilation in the lungs also gets rid of the extra carbon 
dioxide. This mechanism is quite easy to test. 

I am now going to make myself breaffie violently in and out 
as hard as I can for a quarter of a minute. This will ventilate my 
lungs and fill them with fresh air. The carbon dioxide of the blood 
will be rapidly carried away instead of accumulating in the air- 
cells and partly redissolving in the blood. My blood acidity wiU 
therefore be lowered and I shall breathe less. 

I find that after this bout of forced panting I breathe so feebly 
and shallowly that very little air enters and leaves my lungs at 
all for the next minute or so. The opposite effect i» used in 
artificial respiration, if you make a feebly-breathing man breathe 
a mixture of, say, 9;% oxygen and ;% carbon dioxide, his 
blood becomes fiill of carbon dioxide and more add than usual. 
The brain centre makes his lungs speed up and breathe deeply, 
and so he gets a good supply of the oxygen he needs: the extra 
carbon dioxide is quite hannless. 
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The defect of this regulator is that lack of oxygen does 
very little to stimulate breathing. If you are at the top of a 
mountain where the air-pressure is only, say, ten inches of 
mercury, your lungs contain only a third of the oxygen they 
would at ground-level. But your blood contains no more carbon 
dioxide and is therefore no more acid, so breathing is very 
little faster.^ The result is that die blood lacks oxygen. A 
moderate height, say 14,000 feet, where the air is about J of the 
ordinary pressure, will make many people become blue (the colour 
of the hamioglobin in deoxygenated blood) and often fiunt. A 
stay of several days causes a number of unpleasant s]rmptoms — 
mountain sickness — occasioned by lack of oxygen. Now the city 
of Quito in Ecuador is at an altitude of 11,000 feet. Its citizens 
are quite happy in the rarefied air, though the casual visitor 
becomes exhausted after walking a few yards. They have adapted 
themselves to the lack of oxygen by growing many more red- 
corpuscles in their blood. They make up for the poor supply 
of oxygen which each corpuscle can carry away from the thin 
air, by using more corpuscles. They also produce more alkaline 
urine. The effect of this is to make their blood a little more add, 
so that the carbon dioxide produced by quite a small amount of 
exerdse will make their blood add enough to cause their brain 
centre to increase their rate of breathing. 

This effect becomes very important when aeroplanes are flown 
at great heights. The poor supply of oxygen to the brain impairs 
judgment and the pilot may become confused and somewhat like 
a drunken man. The remedy is a supply of oxygen which can be 
effective up to 40,000 feet, or better a pressure-cabin in which the 
air is kept at normal pressure. 

High pressure of air is another thing which is not reckoned 
with by the body. The dangers of high pressure air are chiefly 
felt by divers. Divc.ts at considerable depths can be endosed in 
a pressure-proof-jointed metal case, in which ait at the ordinary 

i Theie is a compensation which incieases breathing slightly and tempottfily. 
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pressure can be supplied to them and they can work at great 
depths. Unfortunately a man in such a casing can do but little 
work. 

The ordinary diving dress is flexible and a diver enclosed in 
it can do a fair amoimt of work. But he has got to breathe com- 
pressed air. What would happen if a diver, receiving air at 
ordinary pressure of 15 lbs,, were lowered to a hundred feet 
depth, where the pressure is 60 lbs. per square inch? The pressure 
of the water would force the dress against his body, for there 
would be a pressure of 15 lbs. per square inch in his lungs and 
60 lbs. per square inch outside, giving the same effect as a 5 -ton 
lorry balanced on his chest. Consequently his chest would 
collapse; the blood too would be forced up into his head. This 
chapter of troubles is prevented by pumping air into the dress 
till it escapes through a valve. It does this, of course, as soon 
as its pressure is higher than that of the water. The diver is now 
reasonably comfortable. He has a pressure of 60 lbs. per square 
inch inside him and outside him. But the more a gas is com- 
pressed, the more soluble it is in a liquid. Consequently the diver’s 
blood becomes charged with oxygen and nitrogen from the air. 
If he is then suddenly hauled to the surface, he is taken with 
agonising pains and is in serious danger of death. The reason is 
that when the pressure is lowered the dissolved gases appear in 
the blood and tissues as tiny bubbles, just as bubbles appear in 
soda-water when the bottle is opened and the pressure released. 
These bubbles may block blood-vessels and even prevent the 
heart from working. A diver therefore has to be slowly raised up 
from the bottom so that the pressure may fall very slowly, and his 
lungs may discharge all this dissolved gas. If he has been working 
at great depths, say, 200 feet, it may be necessary to take from 
two to four hours to raise him. This long wait in the cold and 
heavy dress makes diving very trying indeed. The best remedy 
found is the Davis decompression chamber. Fig. 446^ shows this. 
The diver can come up and climb into it fairly soon. He can 
then take off his things and close the chamber, which remains 
fliU of compressed air. The chamber is hauled on deck and the 
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Pig. 4460. — The Davis decompression chamber in use. 
(Courtesy of Messrs. Siebe« Gorman dc Co.» Ltd.) 


diver can remain 
there liirly com- 
fortably while the 
pressure is steadily 
and gently lowered. 
A still better means 
of preventing this 
danger is to supply 
the diver with a 
mixture of oxygen 
and argon instead 
of oxygen and 
nitrogen. Argon is 
a totally inert gas. 
It has no effect 
upon the inner 
workings of the 
body, and there- 
fore is a safe sub- 
stitute for nitrogen. 
Argon is less 
soluble in blood 
than is nitrogen 
and so when the 
pressure on the 
diver is released, 
less of it is evolved, 
so little in fact that 
it does not cause 
bubbles to be pro- 
duced, but is given 
off from the blood 
by way of the 
lungs. Argon is 
produced in large 
quantities by the 
liquefaction of air; 
but even so, how- 
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ever, a mixtuze of azgon and oxygen is a somewbat expensive 
{orm of aid 

Wc have seen how the blood acts as a carrier of air. Next in 
imp ortance, perhaps, is the way it acts as a scavenger and a 
carrier of water and of foodstuffs. 

THE SCAVENGING SERVICE 


The kidneys have the task 



Fig. 447. — The apparatus for keep- 
ing the composition of the blood 
constant. A. aorta bringing blood 
from the heart. K. kidney. V. 
▼ena cava returning blood to heart. 
U. ureters carrying urine to D 
bbuldef. 


of removing from the blood all 
waste substances and of keeping 
the amount of water and salts 
in the blood always the same by 
removi% any excess. They are 
absolimly essential organs: if 
both act completely put out of 
action, Sfe cannot continue for 
more than a few hours. 

Fig. 447 and Fig. 454 show 
how they are situated. The great 
main artery of the trunk sends off 
branches to carry blood to each 
kidney: the purified blood returns 
to the great main vein. The 
kidney removes waste matter in 
the form of a weak solution — 
urine. This passes down two 
tubes — ureters — to the bladder, a 
tough muscular bag which col- 
lects the urine* to be discharged 
at our convenience. The problem 
of the kidney is to remove dis- 
solved waste products from the 
blood without removing the 
useful proteins and sugar and 
without removing too much salt. 
The task of “pinching the sugar 
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out of a Scotchman’s tea” is proverbial. His kidneys have to 
pinch the waste products out of his bloodi 

The method of the kidney is this. First, it runs a supply of 
blood through capillaries enclosed in a membrane which will let 
all molecules and ions through except the big protein molecules. 
Thus, it gets from the blood a solution containing water, glucose, 
salt, waste products, etc. Then it takes the valuable glucose, 
most of the water and some of the salt back and puts it once 
mote into the blood. Look 
at Fig. 448. The blood comes 
in from the artery, which 
splits into thousands of tiny 
branches. Each of these ends 
has a tiny tuft of capillaries 
enclosed in a bag made of 
“filtering-membrane.” Here 
a certain amount of water 
and of everything else in the 
blood except protein oozes 
through into the “urinifetous 
tubule” (Fig. 448). This 
solution is just the same as 
blood without the corpuscles 
or the proteins. We call it 
“filtrate.” This filtrate travels 
along the minute uriniferous 
tubule. This is lined with 
cells which take out of the 
filtrate most of the water, all 
the glucose and some of the 
salts. These cells hand their 
water, sugar and salt back 
to the blood in the capillary, 

which after leaving the filtering chamber meanders around 
and among the tubules till it finally joins with its fellows and 
teaches a vein. The liquid which leaves the tubule is called urine. 



Fig. 448. — ^The microscopic structure rif 
the kidney represented diagrammatic* 
ally. Light line shading, blood from 
heart, dark shading, blo^ returning to 
heart. Dotted shading ‘‘filtrate** which 
as it travels along the tubule becomes 
urine. 
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The tubes’ powers of gathering sugar from the filtrate are 
Umited: if the blood contains a great deal of sugar, some will get 
out in the urine. This happens in diabetes, a disease in which 
the body cannot use up sugar. 

The waste products which pass off in the urine are chiefly the 
remains of protein molecules which have been destroyed. These 
are chiefly turned into carbon dioxide which passes out by the 
lungs, water and urea which has the structure HjN - CO - NH,. 

It is essential for the working of the body that 
the blood should always contain nearly the same 
proportion of water molecules to “soSd" molecules 
or ions. If you drink half a gallon of ftesh water, 
you will get rid of it all again as urine in two 
or three hours. But if you drink half a gallon 
of weak salt water, you will retain most of it, 
for both water molecules and salt ions are being taken in together. 

The sweat glands filter from the Wood a watery solution but, 
unlike the kidneys, they have no mechanism for putting any of 
the substances dissolved in this fluid back into the blood. Their 
function is simply to keep the body cool (p. 117) and not to keep 
the blood’s composition always the same. If a man, such ^ a 
miner, does hard and heating work in a damp, poorly ventilated 
atmosphere, where evaporation is slow, he loses huge qtiantities 
of sweat in which is dissolved a great deal of salt. Loss of water 
makes him thirsty, so he drinks water. The net result is that he 
is putting in fresh water and taking out salt water; so he steadily 
loses salt. His blood becomes much more watery than usual and 
the result is apt to be very painful cramps. The discovery that 
this can be entirely prevented by drinking slightly salted water 
instead of fresh has abolished this painfuLand dangerous ailment. 

DIGESTION 

Air, food and water are the three things the body requires 
from outside. The first we have discussed. It is our next task 
to see how the body takes the miscellaneous collection of 
goods from the grocer and butcher and pastry-cook and 
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out of a Scotchman’s tea” is proverbial. His kidneys have to 
pinch the waste products out of his bloodl 
The method of the kidney is this. First, it runs a supply of 
blood through capillaries enclosed in a membrane which wiU let 
all molecules and ions through except the big protein molecules. 
Thus, it gets from the blood a solution containing water, glucose, 
salt, waste products, etc. Then it takes the valuable glucose, 
most of the water and some of the salt back and puts it once 
more into the blood. Look 
at Fig. 448. The blood comes 
in from the artery, which 
splits into thousands of tiny 
branches. Each of these ends 
has a dny tuft of capillaries 
enclosed in a bag made of 
“filtering-membrane.” Here 
a certain amount of water 
and of everything else in the 
blood except protein oozes 
through into the “uriniferous 
tubule” (Fig. 448). This 
solution is just the same as 
blood without the corpuscles 
or the proteins. We call it 
“filtrate.” This filtrate travels 
along the minute uriniferous 
tubule. This is lined with 
cells which take out of the 
filtrate most of the water, all 
the glucose and some of the 
salts. These cells hand their 
water, sugar and salt back 
to the blood in the capillary, 
which after leaving the filtering chamber meanders around 
and among the tubules till it finally joins with its fellows and 
reaches a vein. The liquid which leaves the tubule is called urine. 



Fig. 448. — The microscopic structure of 
the kidney represented diagrammatic- 
ally. Light line shading, blood from 
heart, dark shading, blo^ returning to 
heart. Dotted shading “filtrate** which 
as it travels along the tubule becomes 
urine. 
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The tubes' powers of gathering sugar from the filtrate are 
limited: if the blood contains a great deal of sugar, some will get 
out in the urine. This happens in diabetes, a disease in which 
the body cannot use up sugar. 

The waste products which pass off in the urine are chiefly the 
remains of protein molecules which have been destroyed. These 
are chiefly turned into carbon dioxide which passes out by the 
lungs, water and urea which has the structure HgN - CO - NHg. 

It is essential for the working of the body that 
the blood should always contain nearly fie same 
proportion of water molecules to ^^solid^' molecules 
or ions. If you drink half a gallon of fresh water, 
you will get rid of it all again as utbfic in two 
or three hours. But if you drink half a gallon 
of weak salt water, you will retain most of it, 
for both water molecules and salt ions are being taken in together. 

The sweat glands filter from the blood a watery solution but, 
unlike the kidneys, they have no medianism for putting any of 
the substances dissolved in this fluid back into the blood. Their 
function is simply to keep the body cool (p. 117) and not to keep 
the blood’s composition always the same. If a man, such ^s a 
miner, does hard and heating work in a damp, poorly ventilated 
atmosphere, where evaporation is slow, he loses huge quantities 
of sweat in which is dissolved a great deal of salt. Loss of water 
makes him thirsty, so he drinks water. The net result is that he 
is putting in fresh water and taking out salt water; so he steadily 
loses salt. His blood becomes much more watery than usual and 
the result is apt to be very painful cramps. The discovery that 
this can be entirely prevented by drinking slightly salted water 
instead of fresh has abolished this painful atid dangerous ailment. 

DIGESTION 

Air, food and water are the three things the body requires 
from outside. The first we have discussed. It is our next task 
to see how the body takes the miscellaneous collection of 
goods from the grocer and butcher and pastry-cook and 




Stfx Tbt Wtrld »f Semc$ 

turns them into flesh, bone, blood and fuel 

What can we eat? Only animals and plants in some form or 
another. We shall see that all useful foods are converted by 
digestion into sugars, fats, and amino-acids, in which form they 
enter the blood stream. CW foods, then, &11 into three classes, 
though most of the things we eat are mixtures of all three. 

First ate earbolydraUs (p. 614). These are changed into simple 
kinds of sugar (chiefly glucose) by digestion. Sugar and starch 
ate the importantcarbohydrates. They include all sweet and starchy 
foods; bread, cakes, potatoes, rice, honey, sugar ate all carbo- 
hydrate foods, though all except pure sugar contain a little protein. 

Vats are familiar enough. Butter, oil, and the fat of meat are 
obviously fatty foods, and most cakes and almost every cooked 
dish contain fat. 

Proteins are chiefly contained in the “lean” of meat, in fish and 
eggs. Seeds like wheat, peas and beans contain a fair proportion. 

The body uses carbohydrates chiefly to produce glucose which 
is the energy-producer of the body. Fats are also energy producers. 
Proteins are necessary to make the amino-adds which we build 
into other proteins, which are the chief substances from which out 
bodies are built. 

Surveying the problem, the chemist does not so much wonder 
at the complexity of the ^gestive organs, as at the fact that the 
task of turning foods into flesh can be done so rapidly and with- 
out the use of high temperatures or powerful reagents. The 
chemist can break down food into simple molecules in much 
the same way as the body does. He cannot, however, build the 
simple molecules up into complex proteins. 

All the breaking down of food in the body is done ly combining 
it with water. Thus, starch is a long string of twenty-five or more 
glucose molecules, each lacking two hydrogen atoms and an 
oxygen atom. By combination with water it breaks into smaller 
and smaller lengdxs. It first of all forms the fairly large molecules 
of the gummy substances called dextrins, then pairs of linke d 
glucose molec^es which are the sugar “maltose,” and finally 
single molecules of glucose. 
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Fig. 450. — Showing the digestiye system in place in the en 2 yme amylase. 
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cells which secrete 

slippery mucus which assists in the swallowing of food. When a 
nerve message informs it that saliva is required, the cells send 
quantities of water and dissolved amylase down the “branches” 
into the larger “trunks” or ducts which open into your mouth. 

Swallowing food is an intricate business. Between your 
mouth and your gullet is your windpipe and it is most undesirable 
that food should get into this. Quite a complicated series of 
movements are needed. First, the chewed food is rolled into 
a ball and by lifting the front of the tongue, the ball is shifted to 
the back of it and then thrown back, so that it hits the back of 
the throat, which has a nerve connection which sets a number 
of difierent actions going. The nose is closed by the soft palate, so 
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Fig. 451. — The microscopic structure of some parts of the digestive 
system. 

SALIVARY GLAND. M, mucus-seccetkig cells; S, enzyme secreting 
cells; D, D, ducts. 

STOMACH. S, mucus-secreting membrane; G, tubes lined with cells 
secreting enzymes (pepsin); C, layer of circularly disposed muscle fibres; 
M, layer of longitudinally disposed muscle fibres. 

LIVER. P, branch of portal vein; H, branch of hepatic vein; L, lobule 
of liver cells; D, branch of bile duct. 

PANCREAS. G, cells secreting enzymes; D, branch of duct; L, islet of 
Langerhans producing insulin. 

SMALL INTESTINE. V, villi absorbing food products; C, cells 
secreting enzymes; black dots, mt^cus-secreting cells. 


that food cannot get into it. The soft front part of the throat in 
front of the tonsils closes round the food like a pair of curtains 
and so prevents it going back to the mouth. The voice-box is 
closed and breathing prevented, so that food cannot enter the 
lungs. The epiglottis (visible in Fig. 459),^a flap of tissue behind 
the tongue, which forms the front edge of the beginning of the 
gullet, is pulled over the windpipe and so guides the ball of 
food into the top of the gullet (oesophagus). This is a muscular 
tube which automatically swallows g ^ 

anything that touches it. Swallowing ' ^ * 

is a ‘^peristaltic” wave which should 

be understood because it is the only pio. 45 t.—Periittltic motion. 
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way in which food is moved along the alimentary canal. The 
ball of food is propelled down to the stomach by the gullet 
relaxing in front of it (A) and contracting behind it (fi). 

At the end of the gullet lies the stomach, but its entrance is 
closed by a muscular ring which opens to let food in but prevents 
food going back up the gullet. 

The stomach is a very variable organ. When empty, it is 
hardly more than a tube, but it can fill out to a large bag. Fig. 449 
shows its shape when full. The semi-solid chewed food collects 
in the near end of the stomach and for a time the saliva splits up 
the starch in the food. But the stomach, when stimulated by the 
distension with food, starts to contract. 

Waves of contraction gently and rather slowly thrust the food 
forward. As soon as you sat down to the meal, the stomach 
received news from the brain of an impending job and started 
to produce its own secretion “gastric juice." It is lined with cells, 
wUch ate illustrated in Fig. 451, and which produce gastric 
juice and mucus. The gastric juice is mostly water but contains, 
firstly, two enzymes, pepsin and rennin and about of hydro- 
chloric acid, without which pepsin will not do its job of splitting 
protein molecules into smaller but still quite large fragments. 
Rennin’s task is to coagulate milk. The “rennet" used to coagulate 
milk for making junket is an extract of calves’ stomachs! The 
food is churned in the stomach for a long time — two to five 
hours. At the end of this time, most of the insoluble protein 
of tixe meat has been changed into a solution of somewhat 
simpler molecules (peptones). About a half of the potato-starch 
has been changed to malt sugar. The fat has been melted and 
has been churned into small droplets, but otherwise not afiected. 
The stomach then forces this liquid through another “gateway" 
— die pylorus — ^into the small intestine. 

In Ae stomach, the food is made very add, presumably, in 
order that the pepsin can start the breaking up of protein mole- 
cules. But in these add conditions, the fats, star^ and sugars 
cannot be broken up. Accordingly, when the food passes into 
the ao foot tube of the small intestine, a new type of ^gestion is 
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started, llie wall of the intestine pouts out an alkaline liquid 
containing several enzymes. The large gland, called the pancreas, 
ako discharges an alkaline liquid containing enzymes. This 
neutralises the acid from the stomach and starts a new type of 
digestion. At the same time , the liver sends a supply of the green- 
ish or yellowish liquid “bUe.” Bile is produced by the liver, 
partly as a way of getting rid of waste products which the liver 
removes from the blood: but it has a most useful function in 
digestion. It lowers the surface tension (p. 90) of &ts tremen- 
dously and so allows the watery liquid digestive juices to wet the 
fatty surface and so digest it more quickly. 

The result of the action of water, tided by the enzymes, is to 
turn all the carbohydrates into gluooK and simple sugars like 
it, all the fats into glycerine and fatty ; acids, which in presence of 
bile are appreciable soluble in water.. The proteins give soluble 
amino-acids. So, everything in the food is dissolved in water 
except what cannot be ^gested. The chief thing which we cannot 
digest to any appreciable extent is cellulose, the cell-walls of 
plants. This passes on unchanged. 

All this time, the intestine ^ been actively moving. Either 
it sends peristaltic waves (Fig. 4jz) to push the liquid along or 
it chums it by “segmenting.” A length of intestine, divides it- 
self into lengths, like a string of very plump short sausages. Ten 
seconds later, it unsegments and then constricts itself again, so 
that the narrow places come where the wide ones were before. 
This stirs the liquid. 

All the while digestion is going on, the cells lining the small 
intestine have been absorbing the liquid digested toaterial. The 
small intestine, in order to do this more e£ficieotly, has its surface 
lined with tiny fingers called “villi” (Fig. 451) which give it a 
velvety appearance. This obviously makes the surface much 
greater and allows more cells to join in the work. Let us leave 
for a moment the remarkable way in which they dispose of their 
captives! 

The material, robbed of nearly all the soluble products of food 
stufk, gets to the end of the small intestine in some three-and-a« 
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half hours from the time it left the stomach. Here, it meets a 
valve which opens at short intervals, letting the liquid into the 
large intestine. 

llie large intestine runs up the right side of the body, across 
the front and down the left side to the eadt. It does almost 
nothing in the way of digestion except to recover the water from 
the material that enters it. The large intestine is also a vast city 
of bacteria. These are not present in the stomach, which is too 
acid for them. They ate present to some extent in the small 
intestine, but the large intestine abounds in them! We discharge 
daily from out intestines about 4x10“ bacteria — twenty 
thousand times as many bacteria as there are people in the world. 
It is a disputed point whether the products of tftese bacteria are 
harmful to us; they certainly produce poisonous substances and 
these pass into the blood: however, those chemical watch-dogs, 
the liver and kidneys, seem to get rid of them easily. A few 
individuals are apparently free from these bacteria. They do not 
seem to be the better for it: they are, in fact, usually constipated. 

Return to the small intestine. It has gathered, by means of 
the cells which line it, a supply of the amino-acids, sugars and 
fatty acids from the digested food. Everything the cells pick up 
(except the products of fat which are differently dealt with), goes 
into ^e capillaries and is thus carried by the blood stream to that 
remarkable organ, the liver. 

The liver receives all the blood from the intestines via the portal 
vein. This breaks into very fine capillaries which ramify through 
the liver cells and rejoin to form the hepatic vein which carries the 
much-altered blood to the heart. The liver, in addition to trans- 
forming the digested foodstuffs, secretes bile and so it is permeated 
by branches of the bile duct which leads to the intestine. 

The meal we have digested contained carbohydrates — starch, 
sugar, etc. Digestion broke these down into die simplest kinds 
of sugars, glucose, fructose, and galactose (all with six carbon 
atoms). These are absorbed and sent to the liver. The liver 
does the remarkable chemical feat of turning all these into 
glucose, which it transforms into the “animal starch" glycogen 
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This is stored up in the liver imtil a supply of glucose is wanted 
for energy production (p. 836). The liver keeps the glucose in the 
blood-stream always at about 0.1%. If there is more glucose in 
the blood, the liver turns it into glycogen. If there is less glucose, 
the liver makes it from its glycogen store. 

Glycogen is absolutely necessary for the work of the body: the 
liver can make it from proteins if the food does not contain 
carbohydrates: in starvation, it can actually make sugar from the 
body’s own proteins. In order that sugar shall be turned into 
glycogen minute quantities of a protein which we call insulin 
must be present in the blood. This is made in the islets of 
Langerhans, little patches of tissue scattered about the substance 
of the pancreas (Figs. 451, 454). The diabetic patient cither 
produces little or no insulin or requires exceptional quantities of 
it. Consequently, glucose is not turned by him into glycogen, but 
accumulates in his blood until his kidneys remove it. He therefore 
passes sugar in his urine instead of storing it as glycogen. One of 
the greatest medical discoveries of the century was that diabetes 
can be largely controlled by injections of insulin, extracted from 
these ‘‘islets,” Unfortunately, it is expensive — for the manu- 
facture of it is difficult — and patients dislike having injections 
at intervals of a day or so. But instead of dying of diabetes, most 
of those who have the disease and take the trouble to carry out 
the treatment can hve. 

The proteins in the meal were all turned to amino-acids which 
dissolve and also pass via the cells of the intestinal wall to the 
blood stream and so to the liver. Some of these are turned into 
glucose in the liver. Their nitrogen is changed to urea and is 
excreted by the kidneys and the carbon ancLhydrogen and oxygen 
portion is changed into glucose. The rest of the ,amino-acids 
continue to circulate in the blood and are built up once more into 
the proteins of the body’s cells. 

It used to be a complete mystery as to how the various cells 
built up amino-acids into proteins. It is still very difficult to 
understand: it appears that a protein molecule contains several 
hundred amino-acid molecules linked together. Probably each 
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aninudhas adiilezentlinkage-atrangemeQtforeach of its ptoteins. 
The cell, then, most have some artangemeot for ensoting diat the 
amino-acid molecules link into chains in the tight sequence. 

The interesting discovery has recently been made that digestive 
enzymes work both ways— that with mmb water present, they 
split proteins into amino-adds, but with less water present, they 
will turn amino-adds into proteins. Pepsin will turn thousands 
of times its wdght of egg-white into a mixture of simpler soluble 
compounds: if this mixture is concentrated by evaporating some 
of the water, pepsin will then turn it back into a protein “plastein” 
very much like egg-white. 

Plastein, however, is not egg-white, and probably some other 
enzyme than pepsin is used by the cells which build up egg-white 
in the hen. It is remarkable that the body does nearly all its com- 
plicated chemical changes by means of enzymes. We have not yet 
found out what an enzyme is: we have really no idea why it works, 
and the lack of this knowledge is our chief obstade to under- 
standing the working of the body. 

Gurbohydtates in the diet, then, go to make glycogen for energy 
purposes: proteins partly to make glycogen and partly to build up 
tissue proteins. Fats, like carbohydrates, are energy producers. 

We left ftts in the intestine split into glycerol and fatty adds, 
which in presence of bile dissolve appredably in water, liie fatty 
adds and glycerol difiuse into the cells of the intestine’s wall; 
there they combine again and form dny drops of ftt. These are 
taken up by white corpusdes (lymphocytes) which transport 
them through the cell into tubes c^ed lacteals. The lymphocytes 
then break up and liberate the fat, which appears as a sort of milk 
of fine droplets suspended in lymph. This liquid “chyle” travels 
through a network of tubes and finally passes into the great 
veins at the bottom of the neck and so enters the bloodstream. 
The fiit in the blood is partly deposited in the tissues generally, 
and also in special deposits of fat-cells. 

Fat is the chief storage-material in the body. When the reserve 
is drawn upon, fiit is oxidised like sugar, to produce energy, but it 
is not well understood how this is done. 
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DIET AND vrrAifms 

Any ordinary mixed diet contains sufficient protein, car- 
bohydrate and &t for ordinary needs. It also will usually supply 
the mineral salts which the ceUs of the body require — common 
salt, calcium salts, iron salts, etc.: of these, calcium is the most 
likely to be lacking. 

One of the most interesting discoveries of recent years is that 
the body cannot continue to nourish itself without very minute 
amounts of certain substances whidt it cannot make for itself. 
These substances have been named vitamins. The story of the 
disease scurvy very well illustrates the effect of the lack of a 
vitanun. In the time before steam shortened sea voyages, it was 
not uncommon to be six months at sea. The food of sailors was 
salt meat and biscuit — often very bad, hut none the less, contain- 
ing the necessary protein, carbohydt^Ue and fat. On very long 
voyages, the remarkable disease of scurvy very frequently 
developed. Pains in the bones of the leg about the knee joint, 
bleeding from the gums and from the intestine and bleeding 
under the skin (giving rise to spots) reduced the men to the 
condition when they could no longer work, and even caused 
death. It was discovered that lemon juice, fresh vegetables, etc., 
cured it in an absolutely remarkable manner. The disease is now 
only found in babies who have either been fed on artiffcial foods 
of which the vitamins have been destroyed, or on cow’s milk in 
which the vitamin is often deficient. Modem mothers always give 
babies orange juice as a precaution. Some two hundred years 
after lemon juice had been in use for this purpose, organic 
chemists began to try to extract from the juice the stuff that cured 
the scurvy. They succeeded and called it vitamin C. Later, they 
found out exactly what the stuff was, and the pure vitamin was 
actually made artificially. 

The structure of its molecule is shown in Fig. 455: this shows 
it as related to the sugars. It is believed that this vitamin is 
required in order that the ted blood-corpuscles diould be formed 
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^ oxygen atom 

carbon atom 

Pig. 453. — ^The molecule of Vitamin C (ascorbic acid): note 
the genetal likeness to a sugar molecule (Fig. 367). 

in the marrow, but how it causes this, no one can conjecture. The 
amount of vitamin C, and indeed, of any vitamin required by the 
body is extremely minute. 

There are probably as many as forty of these vitamins, which we 
or other animals need if we are to develop properly and be 
properly nourished, but there are only six that may be lacking in 
human diet, and cause ill health. 

Vitamin A is found in minute proportion in animal &ts, milk, 
butter, cream, beef-fat and particularly cod-liver and halibut- 
liver oil. It is not found in vegetable fats. A diet which lacks this 
substance causes changes in the eyes. Tears are no longer 
produced and the outer surfact of the eye becomes dry and 
inflamed: complete blindness may be the result. Changes in the 
membranes of the intestines and lungs also occur, and there is a 
general susceptibility to infections. This disease xerophthalmia 
(or “dry-eye"’) is almost unheard of in Europe. But in Japan 
where very little fat is eaten, it is not uncommon. Denmark in 
the war of 1914-1918 sold her butter and fats at famine prices to 
the combatants, while her own people lived on margarine and 
skimmed milk. The result was outbreaks of xerophthalmia. 
Vitamin A has proved to be a mixture of two similar substances, 
now called vitamins A, and Ag. The molecule of vitamin A is 
practically a half-molecule of carotene (the orange pigment found 
in carrots and in many red and yellow flowers) with a hydroxyl 
group on the broken end. Compare its formula given below with 
a hydroxyl group on the broken end. Compare its formula given 
below with the formula of carotene (p. 602). Its action seems to 
be to protect delicate areas like the lungs and eyes from infection. 
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What was formerly called vitamin B is a complex mixture. It 
is found in most food-stulfs, but particularly in yeast It is present 
in the husk and the germ of seeds like rice and wheat but not in 
the starchy portion. 

H3C CH3 

\/ 

C CH3 CH3 

/\ H H 1 H H H I H 

H3C C^C=C-C=C-C«C--C==C~CH3~0H 

hIc C-CH3 


C VitaminA. 

H3 

Now, many people prefer food which looks nice to food which is 
valuable: they like their bread or rjoe very whitel In countries 
where polished rice with husk or germ is almost the whole diet, 
the disease beri-beri occurs. This is a nerve disease with weakness 
and tenderness in most parts of the body. In other coimtries 
where maize is the staple cereal another unpleasant disease, 
pellagra, occurs which can be cured by the use of yeast or plenty 
of lean meat. In England, where meat and milk are part of most 
dietaries, neither pellagra or beri-beri are anything but rarities. 
The portion of vitamin B that prevent beri-beri is thiamine: that 
which cures pellagra is nicotinic acid. There are at least four other 
vitamins in the mixture including riboflavine. Lack of riboflavine 
causes various types of skin-inflammations. 

Vitamin C (ascorbic acid) prevents scurvy—we have already 
discussed it. ^ 

Vitamin D is necessary for the proper formation of bone. The 
disease of rickets used to be very common. It affected children 
only, causing a terrible amount of deformity. To-day, it is hard to 
find a well-developed case of rickets. 

Vitamin D is likewise a mixture of substances similar to 
cholesterol. It is found in most fats— -except vegetable ones — 
cod-liver oil is rich in it. The pure vitamin can be made by 
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exposing ergosterol, a substance found in many hts, to ultra- 
violet light It had been noticed that rickets was a town disease 
and was worse in winter than in summer: this suggested that 
light had something to do with it, and sure enough, exposure 
to ultra-violet light or to country sunshine (in big towns, the 
smoky air filters out all the ultra-violet light) cured the disease 
entirely. It was thus discovered that ultra-violet light acting on 
the skin, turns the ergosterol or similar substances in the &t of 
the skin into vitamin D. It seems that vitamin D is needed in 
order that the calcium and phosphorus needed to build bones 
shall be taken up by the bowel from food. 

Vitamin K, found in green leaf foods, is required to maintain 
the clotting power of blood and perhaps for the thromboplastin. 

These vitamins are quite as much of a puzzle as the rest of the 
chemistry of the body. Probably they are ^^catalysts’’ which 
speed up some chemical process. They seem to be much simpler 
sustances than enzymes, which are also catalysts. It may seem 
odd that the body has not learnt to make these vital substances, 
but it would seem that only the unnatural diet of mankind could 
be seriously lacking in them. 

Enzymes and vitamins are alike in that a very minute amount of 
them will cause a great deal of work to be done. Rennin will 
coagulate two million times its weight of milk; vitamin D will 
keep a thousand million times its weight of children from getting 
rickets (daily dose about 0.05 milligrams). 

DUCTLESS GLANDS 

There is a third class of substances of which minute quantities 
arc required for the working of the body. This includes the 
substances produced in the ductless glands and called “hor- 
mones.’’ The best-known glands, like the salivary glands, 
pancreas and liver, have an exit tube which carries the stuff they 
produce to the place where it is required. The ductless glan<k 
simply discharge the substance they make into the bloodstream. 
They are to be regarded as small chemical Victories where one 
or two special substances are made. 
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Fic. 4J4. — Whete the ductleu glandi an to lx found. Tbe ductlen 
glands ate shown in black: the other organa indicate their position. It is 
not certain whether the pineal and thymus glands are true ductless 
glands. Ihe pancreu is partly a ductless gland: (Islets of LangerhanSt 
p. 87a). 

There are at least six kinds of these glands. Fig. 454 shows 
where they are. Tlie thyroid and parathyroids in the neck, the 
adrenals (above the kidney) often known as suprarenals, the 
pituitary body at the base of tie brain, certm parts of the pancreas 
and the ovaries and testes all certainly act in this way. Some other 
organs (e.g. thymus and pineal glands) ate suspected of doing so. 

Let us start with the thyroid gland, which is H-shaped, and lies 
on each side of the windpipe (Fig. 454). If tlie thyroid gland is 
completely taken away, the patient becomes sluggish and slow in 
speech, his temperature is low, and the tissue beneath his skis 
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becomes thickened and swollen. He becomes almost unrecognis- 
able. This condition is called m]rxoedema. It is completely and 
rapidly cured by taking thyroid gland. An over-active thyroid 
gland produces the opposite effect — rapid action of the heart, 
rapid breathing and production of much heat. 

Clearly, then, the thyroid makes something which speeds up the 
action of the whole body. It is a combination of a protein with a 
chemical compound which has now been identified, actually 
synthesised and given the name of thyroxine. Its formula is 

I H I H 

C=C C=C H H O 

/ \ / \ \ \ w 

HO.C C— O-C C— C— C— C— OH 

\ / \ / M 

C— C C— C H NH, 
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It is tremendously potent. In the body, it will cause z 5 0,000 
times its weight of sugar fuel to be burned in order to give 
energy. The most remarkable thing is that its molecule contains 
four iodine atoms. Now, iodine is hard to come by. Usually, 
natural waters contain a minute trace of it, and the body can 
collect enough iodine for its thyroxine. But in some parts of the 
world, iodine seems to be completely absent from the water. The 
inhabitants may then suffer from goitre (a swelling of the thyroid, 
which enlarges in order to do its best) or much worse from 
cretinism. If a child has a defective thyroid gland or no iodine to 
make its thyroxine with, it becomes very backward and dwarfed, 
repulsive in appearance and often quite idiotic. These '^cretins’’ 
can be cured completely by thyroid extract if the child is treated 
soon enough. 

Close to the thyroids are the parathyroids, two small glands 
which for years were only anatomical curiosities, but which are 
now known to be essential to life. These produce a substance 
which has not been identified, but is called parathormone. Its 
task seems to be to keep the proportion of the calcium in the 
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blood correct; thought how it does this is not known. If these 
glands are not working or have been removed, the amount of the 
calcium in the blood drops and nervous twitchings and spasms 
develop which may have fatal results. If the parathyroid glands 
are over-active, the calcium in the blood is increased, being taken 
from the bones which become softened and terribly deformed. 

The adrenal glands are two small bodies shaped like a cocked 
hat, and lying close to the kidney. Each is really composed of two 
glands. The adrenal gland has an outer coat or cortex, and an 
inner portion or medulla. The cortex is absolutely necessary to 
life. It produces a number of substances which are all the same 
chemical class. These have to do with maintaining the balance 
of water and mineral salts in the b|ood, and also with sexual 
characteristics. An overgrown and presumably over-active 
adrenal cortex causes precocious growth and sexual maturity, and 
in the female an extraordinary development of masculine char- 
acters which may wholly transform her appearance. 

The ‘^core’’ or medulla of the adrenal gland produces minute 
quantities of a substance called adrenine (adrenaline) which is 
quite a simple chemical compound — for a product of the body. 
It is a benzene derivative and can quite easily be made in the 
laboratory. Its object is simple — to prepare the body to meet an 
emergeny^ and it is only in emergencies that it is poured out from 
the gland in appreciable quantities. 

It seems to act directly on the organs without the mediation of 
the nerves, and produces a remarkable set of symptoms which 
may roughly be called the symptoms of the rage and fear which 
an animal may be supposed to feel when confronted with an enemy. 

The eyes protrude and are widely opened^ the pupils are dilated 
The heart beats more strongly and rapidly. Digestion ceases — 
so releasing blood for the muscles which may be needed for 
combat or flight. The skin becomes pale because tiny capillaries 
have contracted and also sent their blood to the muscles. The 
spleen, which is a sort of reservoir of blood corpuscles, contracts 
and sends more blood into circulation. The liver turns some of its 
glycogen into glucose which the muscles will need in the expected 
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violent exercise. The peculiar physical sensation of ^‘losing one’s 
temper” is probably the effect of adrenine, 

Adrenine is used in medicine. Its most important use is to 
make the capillaries contract. The dentist, when he injects a local 
anaesthetic, mixes it with a little adrenine. This contracts the 
blood-vessels in the tissue round the injection: consequently, the 
local circulation almost ceases and the anaesthetic is not carried 
away. Incidentally, it is most effective in preventing bleeding. 

Another gland — the pituitary — the most complicated chemical 
factory of all, lies at the base of the brain. Like the adrenals, it is 
two glands in one. The “anterior lobe” produces minute 
quantities of at least three substances. One of these influences the 
growth of the bones. If the anterior lobe of the pituitary is over- 
active while the “long bones” of the legs and arms are growing, 
the unfortunate subject grows into a giant — from seven to ten 
feet high. These giants are usually feeble, for their bodies cannot 
produce enough muscle to make tieir huge frame effective. They 
usually die in middle life or earlier, because their disordered 
pituitaries cease to produce sufficient secretion for their needs. 

Giant rats, two-and-a-half times the normal size, can be grown 
by injecting anterior lobe extract into young normal animals. If 
the overgrowth of the gland sets in after growth has finished, a 
most strange disorder, acromegaly, sets in. The bones of the 
lower part of the face and of the hands and the feet grow enor- 
mously, and the appearance of the patient is strangely and utterly 
changed. Bothgigantismandacromegalyare fortunately very rare. 

The anterior lobe also produces minute quantities of one or 
more substances called gonadotrophins which are essential in 
regulating the formation of ova in the female and in maintaining 
normal pregnancy. The placenta (p. 926) of a pregnant woman 
produces a gonadotrophin, some of which is excreted in the 
urine. This affords a reliable test for pregnancy known as the 
Ascheim-Zondek test. If small quantities of urine derived from 
a pregnant woman are injected into immature mice, they become 
sexually developed. 

The pituitary gland exerts its effects not only by the direct 
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agency of its own hormones, but also by its action on other 
glands. Thus the gonadotrophins made by it seem to be the 
substances which at puberty stimulate the testes and ovaries to 
grow and produce their own hormones, which cause the obvious 
bodily and mental changes which occur at this period. It produces 
another active principle, prolactin, which regulates the secretion 
of milk. The pituitary also seems to produce substances which 
regulate the activity of the thyroid gland and adrenal cortex and 
it is likely that it has other and unknown functions, perhaps 
exerting a direct influence on the brain-centres that surroimd it. 

The posterior lobe also seems to |>roduce minute quantities of 
several very active principles. The extract ^‘pituitrin’’, which 
contains all of them, is used in medicte. It causes a rise in blood- 
pressure (which may be valuable iof curing the shock which 
occurs after surgical operations, etc;)* It also seems to control 
fet-production (the gigantically fet dfttn seem to have disordered 
pituitaries) and also the water content of the body. It stimulates 
smooth muscle and is active in causing the contractions of the 
uterus that bring about birth (p. 926). 

The sex-glands, ovary and testis, are also elaborate substances 
of this kind: we will speak of them again in our discussion of 
reproduction. 

The chief subject we have still left untouched is the working of 
the nerves. 


NERVES AND THE NERVE-IMPULSE 

The body is continually adapting and readapting itself to its 
environment. In order to do this, it is necessary for the organism 
as a whole to be informed swiftly and accurately of any alteration 
in its external world, and to be able to alter itself to fit it as 
swiftly as possible. Tlie nervous system plays the most important 
part in this process: it has indeed been called the telephone system 
of the body, and if this analogy is not pressed too far, it is apt. 

The unit of the nervous system is the neurone, the nerve cell 
with its processes (Plate XLIV). This cell has developed to an 
excepdo^ degree the properdes of excitability and conduedvity: 
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that is to say that the neurone is especially sensitive to stimulation, 
whether it be by the application of an electric shock or by the 
liberation in the body of some chemical substance, and t^t it 
responds to stimulation by conducting an impulse. The nerve 
impulse is a disturbance propagated along the whole length of the 
neurone. 



Sensory fibre receiving stimulus 
xst Neurone 


(fi) Axon 
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Dendrites 
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Fzo. 455. — Nerve cells from the nose. The long axon-fibres (n) branches at the end 
and the branches intermesh (gl) with those of 1 second nerve cell. This intertwin- 
ing of branches is called a synapse and is the means of transmittii^ the impulse 
from one neurone to the next. (Courtesy of Messrs. Longmans, Green & Co., 
Ltd., from Schafer’s Essinthls of Histohgj,) 


The neurone consists of the nerve cell proper, a process called 
the axon emerging from one end of it, and other processes called 
dendrites which emerge from the other end (Fig. 4jj), The 
axon is, as a rule, much longer than the dendrites and is known 
as the nerve fibre. The length which a single nerve fibre can 
attain is shown by the fact that the nerve fibres which reach the 
slfin in a man’s foot are the axons of nerve cells situated in his 
spinal cord at about the level of his kidneys: these single nerve 
fibres, then, are several feet long. 

The nerve fibre cannot live for long after it has been separated 



How a Man Works 


as; 

from its cell: the cell contains the nucleus and the nucleus is 
essential for the life of the cell and its processes: a cut nerve 
therefore dies, and though a new fibre may grow out from the 
cell, this takes a long time. A nerve fibre separated from its cell 
is, however, useful for studying the properties of nerve fibres. 
If the sciatic nerve of a frog is removed from its body, it can be 
kept alive for several hours. The nerve of a mammal is more 
difficult to keep alive. 

To demonstrate the properties of the nerve fibre, the main 
nerve of a frog’s leg, ffie sciatic nerve, is dissected out. The 
action of the nerves can be shown by the fact that when this 
sciatic nerve is stimulated, the disturbance propagated down its 
fibres leads in some way to the conttaction of the gastrocnemius 
(calf) muscle. It is possible that the arrival of the nervous 
impulse at the junction between flie muscle and nerve (see 
Fig. 458) causes the liberation of a chemical substance, perhaps 
acetylcholine, which in its turn causes the contraction of the 
muscle. Possibly however, the impulse of the nerve discussed on 
p. 887 is continued into the muscle. For our purpose, it is 
enough that when the living nerve is stimulated, the muscle 
contracts. It is useful to attach the tendon of the muscle to the 
lever of a myograph so that every twitch of the muscle may be 
recorded on a smoked cylinder, a process illustrated in Fig. 456 
and explained on p. 396 and below. 

The nerve may be stimulated artificially by snipping with 
scissors or by thermal or chemical stimuli, but such methods 
injure the nerve, and are not to be recommended. It is better to 
stimulate electrically, using an induction coil with a short- 
circuiting key in the secondary circuit. Two needle electrodes 
are arranged, touching the nerve (Fig. 45 6). 

The sciatic nerve is, of course, not a single nerve fibre, but a 
large number of fibres bound up within a common sheath. This 
experiment, however, gives a great deal of information about the 
single nerve fibre. The secondary coil is first arranged so that a 
very feeble current is given. There is no contraction of the 
muscle: such a stimulus which is loo light to excite the nerve 
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Fig. 456, — mvogfapb as used for the studv of nerve jmi>iU8e8. The timing 
arauigements (left) are described on page 596. The induction coil supplying the 
stimiwing current is at the right-hand bottom comer. The muscle and nerve 
are mounted on the block at the top right-hand comer. (Courtesy of Messrs. 
C F. Palmer ^London), Ltd.) 

fibte is said to be below threshold. On gradually increasing the 
strength of the current, a strength is reached at which the muscle 
responds witb a £unt contraction. This is the threshold of stimu- 
lation or dieobase. The time during which the current is allowed 
to act also determines whether or not it will stimulate the nerve. 
However strong the stimulus, it must be applied for a definite 
rime if it is to be effective. The chronaade of a nerve is the 
minlmiim dme during which a current twice the strength of the 
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rheobasc must be applied if the nerve is to be excited. For a 
frog’s nerve it is about 0.003 secs. 

If the strength of the stimulus is increased, the contractions of 
the muscle become stronger until a level is reached at which no 
increase of the current will alter the extent of the contraction. 
The stimulus is now said to be maximal. 

The threshold stimulus excited one or a very few fibres in the 
big nerve trunk. An increasing stimulus excited an increasing 
number of fibres until at last the stimulus was sufficient to excite 
every fibre in die trunk: this gave the maximum contraction. If a 
single nerve fibre had been used, fbeie would have been no such 
increase of contraction with single shocks of increasing strength; 
for the single nerve fibre follows vkmt is called the ^-or-none 
law. If a stimulus is sufficient to exato it at all, it responds to the 
best of its ability, no more and no less, just as the force with 
which a bullet leaves the muxzle of fi lifie has nothing to do with 
the strength applied to the trigger. Either the force applied to the 
trigger is great enough to fire off the gun or it is not great enough: 
there are no half-way measures. The only way in which the 
stimulus can affect a single fibre is by determining the number 
of the impulses passing along it in a given time: but these factors, 
too, are limited by what is known as the refractory period of the 
nerve fibre. 

It has been shown that single nerve fibres follow the all-or- 
none law for a single impulse. The speed of the impulse, which 
may be as great as 100 yards per second in the nerve of a mammal, 
depends on the character of the fibre: the thicker this is, the more 
rapidly the impulse travels. Now a single nerve fibre follows the 
all-or>none law, so if our sense organs aad our muscles were 
supplied by a single nerve fibre each we could not grade our 
actions: we could only hit a violent blow or none. Consequently, 
every organ is supplied by a big bundle of nerve fibres and the 
power of the reaction is accurately graded and controlled by the 
number of these that are working at a given dme, and the nunfi}et 
of impulses that pass along each nerve fibre in a given time. 

The nerve iaq>uise can only be transmitted by a living nerve 
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fibre. It is probable that the cell-membrane of the fibre is a film 
with a neutral layer separating layers of positive and negative 

ions and that the trans- 

Interior of Nervo flbro 
nesetive ion layer 


Ncuiret tails of 
na 9 atiye ion» 


e 9 e 9 

Positive 


9 9 9 9Potiti«« poUtiiuffl tens 
ion layer 

Normal nervo* impulse passin 3 -Normat nerve 

Fig. 457. — A method by which the nerve- 
impulse may be tcansmittecL 


mission of the impulse is 
brought about by a suc- 
cessive disturbance of the 
layer, allowing the posi- 
tive and negative ions to 
meet. This disturbance 
first occurs where the 
nerve is stimulated. A 
wave of depolarisation — breaking down of the layer — travels 
along the whole length of the fibre. When the layer is quite 
broken down, the nerve is absolutely refractory and quite 
inexcitable; the return of excitability is due to the rebuilding of 
the polarised film; when that film has been rebuilt, the process 
of breaking down can occur again. 

The transmission of the nerve impulse, then, is a vital process, 
demanding the use of energy for its rebuilding: nerve that is 
transmitting impulses uses more oxygen than an inactive nerve. 
Thus, while the nervous system may be compared to a telephone 
system, a strict comparison of nerve fibres to telephone wires is 
quite unjustified, for the nerve fibre conducts the impulse at the 
expense of a breaking down of its own structure: not until that 
structure is restored can it transmit another impulse. 

The nerve fibre normally receives the stimulus which sends the 
wave of depolarisation along it from another nerve-cell or from 
an end organ. 


THE senses: touch, taste and smell 

We usually speak of five senses^ touch, taste, smell, hearing and 
sight. Each of these is experienced by an organ, the sensitive 
part of which is the end of a nerve. Tlxis classification into five 
senses is not enough. Under touch, we really group several 
senses. We can feel a thing in several different ways. Actually, 
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the light touch of a feather, the sensatioo of heat, the sensattoo 
of cold, the sensation of pressure (as when a nnger is firmly 
pressed on the skin), the sensation of pain, are all felt b7 different 
organs. Moreover, we have a sense which tells us how our limbs 
ate arranged. If your eyes are shut, you can tell whether your 
elbow is bent or straight. It is this same sense that enables you 
to touch your nose with your eyes shut, a faculty which ^s- 
appears in certain diseasesl There is a sense, too, which tells us 
whether our muscles are pulling or slack; one can feel how hard 
one is pulling on a tope. Finally, there are a number of vague 
sensations of well-being or iU-being which come from out 


internal organs. 

Fig. 458 shows some of the touch 
organs. The simplest of all are nerve 
fibres which branch and wind aittong 
the cells of the deeper layers of the skin. 
These feel pain only. They ate found all 
over the skin so close together, that it is 
difficult though not impossible to thrust 
a fine needle into the skin without causing 
pain. The inside lining of the eyelids has 
these end-organs only. Consequently, it 



cannot feel touch but only pain. Most 


membranes have these endings but solid 
organs have not. Thus, it is possible to 
cut the liver or even the greater part 
of the brain without causing any pain. 
Pain, from a disordered organ, is felt only 
in the membrane of the organ or the ^ 
outer skin, either over the organ or sup- 
plied by nerves communicating with its 
nerves. Thus stomach pain may be felt 
in the shoulder-blade and heart-pain in the 



Fig. 458. — The organs 
of “touch** in the skin. 


left arml Light touches are felt by special organs, the Meissner’s 
corpuscles which have nerve-endings spirally coiled roimdabulb. 
Hairs, though quite insensitive, act as very delicate touch organs. 
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The ear is a combination of two otgana, a sound detector and 
a balancing organ. 

U Of^HTr^ar Tl»e OOimd dc- 

/^ll tector consists of 

' “ amplifier and 

I \ \ * I'/ r^Stteeyh a detcctot pro- 

\l corilfc. ^- 

\ dreds of “detector 

units,'* each sensi- 
tive to a particular 

Tympaiaimtminu^ ' DOtC. Look at 

Fig. 460. Acorn- 

Fio. 460.— Section of the car. prcssion wave 

from the air out- 
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^ ByttaehMH Tuba 
Fig. 460. — Section of the ear. 


side may be concentrated by the outer ear ^inna), though 
in man this has probably very little efiect. It travels down 
the opening we see in the side of the head and drives the ear- 
drum (tympanic membrane) inwards. Three small bones hinged 
together (auditory ossicles) transmit this push to the smaller 
ear-drum of the iimer ear. All the energy given to the big drum 
goes to the little drum, so if its area is a tenth of that of the big 
drum, it will vibrate ten times as strongly. The bones work in an 
air-filled chamber called the middle-ear. This has a tube leading 
to the throat. The object is to keep the air pressure in the middle 
eat the same as that outside it. If one goes down a deep lift-shaft, 
one feels a fullness in the ears. The pressure outside has risen and 


is forcing the drum inward. If one then swallows, the eustachian 
tube opens and the air passes in and equalises the pressure. 

The little drum is a window in a chamber full of fluid and 


hollowed out of the bone of the skull. The vibrations of the 


drum set the fluid vibrating too. The chamber contains a bag 
of fluid (black in the diagram) which is coiled at one end like a 
snail’s shell. This is the essential organ of hearing. In Fig. 461 
you see this enlarged. The parts marked sea&t vestibuli and seak 
Qmpam ate filled with the outer fluid: the part marked cochlear 
catud is a continuation of the inner “bag.” Now the cochlear 
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cjtnal has a sort of spiral piano-keyboard of nerve fibres (organ 
of Corti). There are five or six thousand of these nerve fibres 
only one of which appears in the lower part of Fig. 461; probably 
each is so arranged that it responds to a particular rate of vibra- 
tion. Physiologists are not agreed about this: however, it is 
certain that the sound throws the fluid in the cochlea into 
vibration and that the nerve fibres in the cochlea detect these. 


The ear is, in fact, a 
very sensitive and accu- 
rate scientific instru- 
ment. A really trained 
ear will detect, it is 
said, a difference of 
semitone in pitch. If 
die note was C', this 
would represent the dif- 
ference between 5 1 2 and 
5 1 2.75 vibrations a 
second. Even if we 



doubt this degree of 
accuracy, the ear re- 
mains wonderfully 
delicate. Its power of 
analysing complicated 
vibrations is extra- 
ordinary. That it can 
pick out a violin or 
flute from the hundred 
or so different simul- 
taneous vibrations of 
an orchestra is extra- 



Fig. 461.— (Above) Vertical section of the coch- 
lea. Bone is shown dotted; auditory nerve 
black; white spaces are filled with fluid. (Be- 
low) a portion further magnified. 


ordinary and not explained. The perception of direction of sound 
by the ear is also not easy to understand. Actually, sounds 
straight in front of one are easily confused with sounds from 
behind. The direction of a sound is perhaps spotted by the 
difference in the loudness of the sound in each car. I have a left 
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car which cannot hear the faint ticking of a watch. In the dark, 
I hear my watch ticking on my right, though it is actually on a 
table at ihe foot of the bed. It has also been thought that the 
direction is detected by the fact that a sound wave (c.g. on the 
right), reaches the right ear before the left. 

The inner ear contains a totally different organ — the labyrinth — 
which tells the brain the position of the head and the way it is 
moving. A man or animal keeps itself in the usual upright 
position, because the labyrinth signals the beginning of any 
undesirable change from it and the brain-centres send a nerve- 
message to the muscles causing them to correct it. It is possible 
to remain upright and steady without a labyrinth as long as 
one can see where one is and feel one’s feet on the floor, but a 
man who has no labyrinths, when supported in water in the 
dark, has no idea whether he is head up- 
ward or head downwardl The labyrinth 
consists of three semi-circular tubes full 
of fluid with a bunch of nerve fibres 
projecting into each. One tube runs hori- 
zontally, the other two vertically and at 
right angles to each other (Fig. 462), so 
that any acceleration or turning move- 
ment will set the fluid moving in one 
canal, so exciting one of the bunches of 
nerve fibres. If you spin round and round, 
the fluid in the labyrinth turns with you to 
a great extent; if you then stop the fluid goes 
on turning. This violently and unnaturally 
stimulates the nerves and the posture 
muscles are sent a disturbed and confused 
message: equilibrium is lost, you feel giddy 
and may fall. The queerest experiment — a very unpleasant one — is 
to inject cold water into the outer ear. This cools Ae bone and sets 
up convection currents (p. xo8) in the fluid in the labyrinths. 
Instantly, all the symptoms of giddiness and nausea set in and the 
subject may fall helpless. Ite ‘‘saccule'^ (Fig. 462) contains 



Fig. 462. — Model of the 
labyrinth. The three 
semi-circular canals C 
are in planes at right 
angles to each other, 
l^e otolith is at the 
bottom of the saccule at 
O. The ^t surfaces are, 
of course, imaginaryl 
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another organ, the otolith, which tells which way gravity is 
pulling. The otolith is simply a small mass of gelatinous stuff, 
containing a good deal of di^k, with nerve hairs embedded in it. 
If you arc upside-down, the otoliths pull on the nerve-hairs: if 
you arc rightway up, they press on them. In this way, the brain is 
informed how the head is situated even when it is kept still. 

These otoliths are possessed by fish and by simpler creatures 
such as shrimps. Some shrimps have a simple cavity with nerve- 
endings and a loose grain or two of sand to act as an otolith. 
But they moult the skin of their balancing organs with the rest of 
their shell and skin, and they then put another grain of sand into 
the new empty cavity. An ingenious biologist provided the 
newly moulted shrimps with iron filings instead of sand. He then 
suspended a powerful magnet over the tank. The iron filings 
were drawn upward instead of falling downward, and the shrimps 
consequently all swam upside downl 

THE EW 

The eye is for man at least the chief avenue by which im- 
pressions reach his brain. The blind are more handicapped than 
the deaf, while the few people lacking taste or smell can conduct 
their lives without their friends noticing the difference. The 
various touch-senses are hardly ever lost except in paralysis. 

The eye is a camera. It has a lens, a stop and a sensitive screen, 
and an arrangement for focussing objects at various distances. 

As an optical instrument, it is imperfect, for it only focusses 
a sharp picture on one small area. The rest of the picture is 
blurred and indistinct. Fix your eye on a word in the middle of 
this page. If you hep your tye still jon can only read the twoorthrcc 
lines above and below it— the rest is blurred. When you scan a 
whole landscape, you imconsciously move your eyes so that each 
piece is focussed in turn on the **yellow spot” where focussing 
is sharpest and sensitiveness is greatest. None the less, the eye 
is a marvellous production, when it is considered that it is made 
£com jelly-like proteins, not rigid metal and glass. The outer case 
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of the eye is a ball 
about an inch in dia- 
meter with a small 
rounded projection at 
the front, the cornea. 
The “case** is made up 
of three layers; outer- 
most is the sclerotic or 
“white of the eye** 
with the transparent 
cornea let into it like a 
^ window. Lining the 

Fig. 463. — ^Thc eye in vertical section. sclerotic is the choroid^ 

a layer of nourishing 
blood-vessels and pigment cells which give a dark background: 
this is prolonged into the ringshaped iris, the coloured part of the 
eye. This has muscle fibres in it, and so can make the hole in it, the 
pupil, contract to a pin-point or expand widely. This happens 
automatically: a bright light makes it contract and darkness makes 
it expand. The iris corresponds to the stop of the camera. The back 
of the iris is black. This, showing through the muscular part, 
gives the curious dark grey-blue colour of a new-born European 
baby’s eyes. As the child grows up, much or little white, yellow 
or brown pigment deposits in the front and middle of the iris. 
There is no blue pigment in a blue eye. Blue-eyed people have 
very litde pigment and their eye colour is chiefly due to the black 
showing through and perhaps to a light-scattering by tiny 
granules of light pigment; as more and more pigment is de- 
posited, the eye may become hazel or brown. 

The innermost coating of the eyeball is the retina — the sen- 
sitive membrane; this we will discuss again. 

The focussing of the light is done to a small extent by the 
curved cornea, but much more by the crystalline lens, a beautifully 
transparent little lens of clear elastic jelly. It is attached to the eye 
by a ring of muscle fibres. When these contract the ring narrows: 
the lens is thus caused to become thicker and more nearly a 




Hem a Man Werks 


«97 

sphere. Its focal length (p. 475) becomes less and it therefore 
focusses near objects on the retina. When the muscle fibres 
relax, the lens springs back to its more flattened form and so 
focusses distant objects. The ordinary camera is focussed for 
near objects by lengthening it (p. 479): the eye is focussed for near 
objects by increasing the magnification of the lens. In old age, 
the lens usually loses much of its elasticity: it cannot be com- 
pressed and so focusses distant objects clearly, but cannot focus 
near objects. This causes the long sight of old age. 

The eye is filled with clear fluid between the cornea and lens, 
and with a very thin transparent jelly 
between the lens and retina. The retina is 
naturally quite diiFerent from any other 
nerve ending for it has to be sensitive, 
not to touch Of motion, like the skin or 
the nerve endings of the ear, nor to chemi- 
cal actions like the tongue and nose, but 
to light which has little effect on most 
chemical substances. 

The trick seems to be done by manufac- 
turing a purple-coloured substance which 
absorbs hght, and is at once decomposed 
by it. This chemical decomposition is 
detected by the nerve fibres and an 
impulse is sent to the brain. 

Fig. 464 gives an idea of the structure 
tS of the retina. The oddest thing is that 
eye. The bottom is the the part sensitive to light is on the side of 
the retina distant from the light: no human 
designer would have arranged it so. Actu- 
ally, the whole retina is only to | a millimetre thick and very fairly 

transparent, so that light reaches the back of it almost unaltered. 

In the middle of the retina appears the optic nerve from the 
brain. This spot where the nerve emerges is blind. Shut your 
left eye, look fixedly at the cross in Fig. 465, holding it some 
10 inches away. With a little practice, you will find a position 
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Fig. 465. — ^niustrating the blind spot. Shut the left 
eye and gaze at the cross: on moving the book 
backwards and forwards about six inches from 
the eye the spot will disappear. 

where the spot on it disappears entirely. You have now directed 
your eye so that the picture of the spot falls on the optic nerve, 
which, since it is a carrier of impulses, not a detector of light, is 
blind. From this spot radiate fine nerve fibres (Fig. 464) 
which end in nerve cells; these connect up in the usual way to 
another layer of nerve cells which themselves connect to a thin 
layer of nerve cells specialised as light-detectors. These are of two 
kinds, cells bearing rods and cells bearing cones. Each has a 
nucleus and an end piece, the cone or rod. These latter alone 
contain the visual purple which is affected by light. The rods and 
cones differ in function. The cones seem to be the organs of 
delicate and discriminating vision and of colour-vision. The 
“yellow-spot” in the centre of the eye contains only cooes. Here, 
we have ^e most sharp and distinct sight — you are reading this 
with your yellow spot. The rods are the sensitive organs. In 
feint light — ^as at night — the cones will not function. The rods 
alone receive the faint image. They do not give cither a distinct 
and sharp image nor do they perceive colour. After dark, every- 
thing is seen in a faintly blurred monotone. The impressions 
from each rod or cone or at least from each two or three travel 
back along a separate fibre of the optic nerve. The optic nerves 
meet and cross in a peculiar way inside the brain: their fibres end 
m a large area at the back of the head, where in a wholly 
mysterious fiishion their impulses are perceived as sight and 
registered as “memory.” . 

Incidentally, it may be noted that die image on the retina is 
upside down as in a cameral We have, however, got so used to 
tUs that it appears to us the tight way up. 

The eye is set in a hollow in the skull. The hollow is filled 
with loose fetty tissue. Fig. 466 shows how the eye is pointed 
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at any object. It is easy to see that the eye can be rotated in any 
direction by combined pulls from the muscle-bands, shown in 
black. 

It is not for nothing that we have two eyes. Our two eyes 
receive nearly, but not quite the same impression, and from these 
slightly different views we get our 
ideas of distance and ^^soUdity.” 

The action of our eye-muscles in 
controlling the direction in which 
our eyes point, is usually uncon- 
scious (though, of course we can 
move our eyes at will) and is very 
delicate. 

First, let us see how we judge 
the distance of an object. We can 
judge the distance of an object 
using only one eye. Tlius we can 
guess the distance of a building 
by the slight haziness which the 
air interposes between us and it. 

Nearer objects can be placed by 
their size. We know how big a 
cow is and by unconsciously 
comparing our image of it with past images in our memory, we 
can judge its distance. 

One-eyed people, however, are definitely worse than two-eyed, 
in judging distances. A one-eyed hostess occasionally pours the 
tea behind the cup instead of into itl 

The perspective of a landscape, too, tells us something of the 
distances. An artist’s picture on a flat canvas is to be compared 
with the image in a single human eye. It is very interesting to sec 
how he gets die effect of distance by colour, haze and perspective. 

The two-eyed person judges short distances by feeling the 
amoimt he has to make his eyes turn inward towards each other to 
focus the object. Bring your finger from arm’s-length slowly to 
the bridge of your nose. Your eyes turn slowly inward till, at a 



Fig. 466. — The manner in which the 
eye is rotated by the pull of bands 
of muscle. 
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few inches from your nose, you can converge them no futmer, 
and you see two images of your finger. 

Sight with two eyes gives a solid effect. The right eye sees a 
little more of the right side of an object and the left eye sees a 
little more of the left side. The combination of two slighdy 
different pictures gives the appearance of solidity. The anaglyph 
illustrates this very well. Two pictures are printed on top of each 
other. One is in red and gives fhe view as it would be seen by the 
left eye: the other in green and as it would be seen by the right 
eye. Spectacles are worn with a green left-glass and a red right- 
glass. The left eye sees only the red picture and the right eye the 
green picture. Tliese are fused by iht brain and give the im- 
pression of solidity. This principle has been used for stereo-films. 
Since red and green shades properly chosen combine to a grey or 
black, the image appears in monotone like a photograph. 

The sense organs we have studied send impulses to the brain 
which in turn sends suitable impulses to the muscles by which 
we perform all our actions. The central nervous system — brain 
and spinal cord — must now claim our attention. 

THE CENTRAL NERVOUS SYSTEM 

No organ which does the woirk which the brain performs 
could possibly be simple, but we cannot survey our world without 
trying to understand something about the brain which perceives 
it. 

The nerve cells of the finger you burn on a hot stove do not 
send a direct message to your arm muscles to take it away and 
only very seldom in the nervous system docs the same neurone or 
nerve cell receive the stimulus from the environment and carry 
the impulse directly to the muscle or other ‘‘effector’^ organ by 
which the organism responds to the stimulus. Ordinarily, two or 
more nerve cells arc concerned. The impulse is passed on from 
the neurone, which receives the stimulus, to another which 
carries it to the effector organ. Very often, one or more neurones 
are interposed between these two. The point at which the impulse 
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is passed from one neurone to another is called a synapse, and 
may be compared to a telegraphic relay (Figs. 455, 467). Passage 
of the impulse across the synapse is brought about not, it seems, 
by direct conduction of the impulse as electricity is conducted, but 
probably by the liberation of a definite chemical substance at the 
nerve endings of the first neurone, this chemical substance 
stimulating the second neurone. TTie synapse is a one-way 
conductor: for although a nerve fibre will, on suitable stimulation, 
conduct an impulse in either direction, an impulse can only 
pass a synapse in one direction, from the axon of one nerve, in by 
way of the dendrites of the o^er, and thence out by way of its 
axon. (Fig. 455.) 

The 83mapse then provides a means by which the impulse 
passing up the long fibre (neurone) of any given nerve cell is 
transferred to another nerve cell. These synapses are then the 
connections by which the incomiog impulse, as of a bum, is 
steered to the motor nerve fibre which causes an action, as of with- 
drawing the arm. The synapses are in four main regions, the 
spinal cord, the brain-stem, the cerebellum and the cerebrum. 

The spinal synapses provide for tiie simplest functions, simple 
movements and tiie like. The brain-stem regulates many im- 
portant bodily functions of which we are usually unconscious, 
such as respiration, temperature regulation, circulation. The cere- 
beUum is concerned with maintaining posture and balance. The 
cerebrum or brain proper is responsible for all the higher 
functions. The complicated associations of sense impressions, 
past and present, whi^ we call thought, is the highest of these; but 
a very great part of the brain is concerned in regulating all our 
skilled movements, walking, cycling, buttoning a coat — every- 
thing in fact that we have learned to do since we were babies. It 
has also powers of control over all the lower centres. The spinal 
reflex makes us withdraw a finger from the flame, but a cerebral 
order made Mucius Scaevola hold his hand in the flame till it was 
consumed. 

With certain exceptions then, the synapses by which nerve cells 
ate connected ate in some part of the central nervous system. 
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which consists of the brain, brain-stem and the spinal cord. 
Impulses (generally sense-impressions) from the skin, the muscles 
and from ^ the organs of &e body are collected in the central 
nervous system. The neurones that carry these incoming impulses 
are described as “afferent” nerves. From the spinal cord, impulses 
are sent outward by other “efferent” nerves to the muscles and 
other organs, causing various movements to take place. The 
central nervous system then may be compared to a telephone 
exchange at the G.H.Q. of an army. It collects messages and 
reports from the sense organs by its afferent fibres and sends out 
instructions to the different parts of the organism by the efferent 
ones. Such a process may involve only a few neurones or it may 
involve a great many; the simplest instances involve the spinal 
cord alone; it is, therefore, simplest first to describe the spinal 
cord and to consider a simple spinal reflex. 

The spinal cord is a mass of nervous tissue lying in the vertebral 
canal. From it issue the nerves which bring and carry back im- 
pulses, in pairs at fairly regular intervals. Each of these spinal 
nerves is attached to the cord by two roots, a posterior or afferent 
root, and an anterior or motor root. The two roots soon join to 
make up a mixed nerve with both incoming and outgoing 
fibres. 

A cross-section of the spinal cord shows a central mass of grey 
matter and an outer mass of white matter surrounding it. 
The grey matter (which has, on either side, an anterior and 
posterior horn) consists of mm ctlb, while the white matter 
consists of nem fibres. The nerve cells of the efferent nerve lie in 
the anterior horn of grey matter while those of the afferent nerve 
lie in the posterior toot ganglion. The axons of these afferent 
nerves end in small swellings close to the bodies of the motor 
nerve cells, although branches of the afferent axons pass up and 
down the cord into other situations. If a nerve-ending (N) is 
stimulated by a prick or bum (Fig. 467), an impulse travels up 
the afferent fibre A: the afferent neurone (P) is stimulated; an 
impulse passes from it across a synapse to the efferent neurones 
and thence to the efferent nerves (E, E), causing the atm muscle 
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which those nerves supply, to contract and withdraw the 
finger. Here is the spinal reilez at its simplest, causing a motoi 


response toa stimulus applied 
to a nerve. 

It is rather doubtful 
whether such a simple spinal 
reflex exists. Probably all 
spinal reflexes involveathird 
neurone interposed between 
the aflerent neurone and the 
eflerent: but reflexes in which 
very few neurones take part, 
are many. If the legs are 
crossed and the patella and 
tendon of the upper knee is 
given a sharp tap with the 
edge of the hand, the foot 
gives a brisk kick and falls 
more slowly than it rose. 
This reflex is of obvious 
usefulness. Most of us have 
trodden on “the stair which 
was not there," and but for 
the reflex stretching of the 
leg in response to Ae bend- 
ing of the knee we should 
have fallen. This reflex is 
very powerful, so powerful 
that there have been cases of 
patients who have sustained 
a broken patella owing to its 
strength: it is also very swift. 
The reflex straightening of 
the 1^ and recovery of the 
subject occurs before he even 
realises that he has been in 



Fig. 467. — Illustrating the manner In which 
a stimulus causes an action. N, nerve 
ending; A, afferent nerve fibre; P, nerve 
cell (neurone) in posterior root ganglion; 
E, £» motor nerve fibres from efferent 
neurones in anterior root of nerve; V, 
toinal column; synapse; thalamus; 
C, cortex. 
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danger of falling. The simplest spinal reflex is yaluable on 
account of this swiftness of action which saves the subject from 
disaster before he is aware of danger, let alone before he can take 
any steps to avert it. 

We have seen, then, that the motor nerve-cells in tlxe spinal 
cord may be excited to activity by direct action of the sensory 
nerves from without: but they can also be influenced by the 
higher parts of the central nervous system, the cerebrum and the 
cerebellum, which lie in the skull, and the brain stem which 
connects the higher brain centres with the spinal cord. Incoming 
nerve fibres run to the higher centre as well as directly to the 
motor nerve cells: and other nerve fibres run from these higher 
centres to the motor nerves. The higher centres receive in- 
formation from all the sensory mechanisms, from the eye, the ear, 
the labyrinths, etc.: they collect and ^ntbesise this, and the in- 
structions they send out are the result of all the external factors 
operating on the organism. An action in response to such com- 
bined instructions will be better suited to the needs of the 
organism than will the single spinal reflex which can answer to 
only one set of conditions: but since the distance the impulse 
must travel is much greater and a larger number of synapses have 
to be negotiated, action follows more slowly on the stimulus than 
in the case of the simple reflex, which therefore is valuable for the 
instant actions demanded by sudden dangers. The higher 
centres, apart from the cerebrum, regulate all the normal functions 
of the body which are not, as a rule, within the conscious control 
of the subject. They regulate the position of the body, the 
temperature of the blood, the ventilation of the lungs, the rate 
of the heart and all those activities of the body which tend to keep 
it in adaptation to its environment and to prevent gross changes 
in tiie conditions under which the living cells must exist. Of 
co^lrse, many of these fimetions can be controlled by the conscious 
effort of the subject. The mte of breathing can be altered at will: 
nevertheless, the ventilation rate of the lungs is normally re- 
gulated very nicely without any conscious effort provided that the 
brain stem and its connections with the spinal cord are intact. 
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The individual properties of the so-called lower centres of the 
brain and of the cerebellum need not be discussed. It is enough 
to say that between them they collect impressions from every 
sense organ at the disposal of the body and that with the help of 
these impressions they control the relation of the organism to its 
environment with great accuracy. The possession of a cerebrum, 
or brain, is not at all necessary for such a comparatively com- 
plicated process as that by which a £dling cat tights itself in the 
air and falls on its feet. As long as only a small number of rather 
ordinary things happened to it, the organism could do well 
enough without any cerebral hemispheres at all: but the reflexes 
of the spinal cord, the brain-stem and the cerebellum become 
inadequate when it is a question of seatching for food, of protect- 
ing the body against even moderate alterations of temperature, or 
of escaping from an enemy. 

Before considering the true brain or cerebrum and “voluntary” 
activity, a distinction must be made between two different parts 
of the nervous system. In the first place, there is the nervous 
system whose activity is expressed by the movements of the 
voluntary muscles even though the movements are brought 
about without conscious activity. The muscles that serve the 
knee jerk reflex are volimtary muscles. The activity of the nerve 
cell which leads to the contraction of those muscles, may, how- 
ever, be brought about either by a direct reflex through the spinal 
cord, by a reflex through the brain-stem for the purpose of mtin- 
taining the standing posture of the body, or by voluntary activity 
of the cerebrum, as when we kick a football. 

There is, however, another nervous system, the autonomic 
system, hardly connected at all with the laain system we have 
described. This system is concerned with regulating the activities 
of organs over which we have no control, such as the heart, the 
muscular coats of the blood vessels, the iris of the eye, the sweat- 
glands, the hair follicles and of the muscular coats of the 
alimentary canal as well as of the other various organs whose 
activity is beyond the control of the voluntary nervous system. 
The autonomic system has a system of incoming and outgoing 
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impulses: but its behaviour may also be determined by chemical 
stimuli, such as the acidity of the blood reaching the respiratory 
centre, or thermal stimuli, such as the temperature of blood 
reaching the hypothalamus, a portion of the lower brain in which 
the centre regulating the whole autonomic system is thought to 
lie. Certain sections which are essentially regulated by this 
autonomic system of nerves use the voluntary muscles for their 
own ends. If, for instance, the body is subjected to conditions of 
external cold, the motion of the voluntary muscles called shivering 
is used for the production of extra heat. 

The heat regulating mechanism may well be used as an 
illustration of the use of the nervous system to regulate the 
environment of the cells. A warm-blooded animal like man, 
regulates his temperature within very narrow limits irrespective 
of the temperature of his environment. Apart from such 
voluntary activity as the wearing of clothes in cold weather or the 
eating of ice-cream when the weather is hot, the regulation is 
beyond voluntary control, although it is interesting to note that 
when the activity of the higher parts of the nervous system is 
depressed by sleep or by narcotics, heat regulation is imperfect. 
The intolerable heat under which surgeons work is not dictated 
by a distaste for fresh air but by the needs of the unconscious 
patient whose body temperature might fall disastrously were he not 
kept in a warm room and well supplied with blankets and bottles. 

If the subject is in a cold environment, the general response of 
the body is directed towards the conservation of heat. The blood 
vessels to the skin are constricted, to prevent as far as possible, 
the loss of heat from the surface of the body. If necessary, extra 
heat has to be produced and this is done by increasing the amount 
of glycogen “burned” to produce energy: the voluntary muscles 
are excited into the quite involuntary activity of shivering, the 
thyroid gland pours its secretion into the circulation in increased 
amount and the general activity of the cells is raised. In this way, 
great extremes of cold can be withstood, but if the regulation is 
imperfect, as when, for instance, a man caught out of doors in 
very cold weather yields to the temptation to sleep; once the 
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general temperature of the body begins to fall, the organism is 
involved in a vicious circle from which it will not readily escape; 
for at a lowered temperature the activity of the cells is lowered, 
and as it is this very activity which causes the production of heat, 
the temperature of the body must tend to fall again. 

Adaptation to external heat is also very perfect. In this case, 
the vessels of the skin are dilated in order that the blood may be 
cooled readily by the external air. At rest, this mechanism may be 
sufficient: but if work is done or if the external temperature is very 
high, such a process cannot be effective and sweating occurs; in 
sweating, there is active secretion of a watery fluid by the sweat 
glands and the latent heat of evaporation of this fluid is lost to the 
body which is cooled. Since sweating is a very important 
mechanism for the loss of unwanted heat, it is possible for the 
body to withstand very high temperatures, temperatures that are 
well above the boiling point of water, as long as the atmosphere is 
dry and evaporation is rapid; but a high temperature is not easily 
withstood when the air is moist, and the subject is overcome by a 
temperature that approaches 37® C., the normal temperature of the 
body, if the air is totally saturated with moisture. Water vapour 
may also be lost by the lungs, and, if the air is not too moist, 
another mechanism is here available for the loss of unwanted heat. 

THE CEREBRUM 

The motor unit consisting of the muscle (or gland) and its 
motor nerve cell is merely the final path by which movement 
is carried out: as far as the final effect is concerned it is immaterial 
in what way the motor tinit is excited, whether by a direct reflex 
through the spinal cord, or by a fibre from the cortex of the 
cerebrum itself: for there are fibres, axons of cells lying in the grey 
matter of the cerebrum (which lies outside the white matter, not, 
as in the cord, enclosed by it) and passing down to end at various 
levels near the nerve cells — relay centres -of the motor units. 
Destruction of these brain fibres or of the brain-cells from which 
they arise, abolishes the faculty of voluntary movement: that is to 
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say, a subject deprived of them could not straighten his knee 
of his own accord, but his knee-joint reflex could still be elicited. 
If the motor-neurone itself were cut, there could be no movement 
of the knee of any kind: destruction of the nerves in the brain only 
abolishes voluntary activity. The cells giving rise to these fibres 
controlling voluntary movement are strictly localised in a definite 

motor area of the brain, 
there being more 
closely localised areas 
for the arm, the leg, the 
toes and other parts. 
The left side of the 
brain controls the right 
side of the body and 
vice although cer- 
tain muscles, such as 
those of respiration, 
which normally act in 
co-operation with 
those of the opposite 
side are represented on 
both sides of the brain. 
There are, more- 
over, areas of the cere- 
brum which receive 
sensory impressions 
from all the different 
sense organs of the body. It is in the cerebrum that these sensations 
reach consciousness. If, for instance, a man touches a hot plate with 
his finger, the finger is swiftly withdrawn, and this withdrawal 
would take place reflexly through the spinal cord without the 
cerebrum being called into action at all. Only in the cerebrum 
(Fig. 468), however, does the sensation reach consciousness: the 
cerebrum may even prevent the withdrawal of the hand if wehavea 
powerful wish to keep it there. 

In the cerebrum, every kind of sensory impression is collected 



Fig. 468. — The main portions of the central nervous 
system. The spinal cord transmits impulses to the 
brain and operates simple reflexes. The brain-stem 
reflates the basic bodily functions. Tlie cere- 
hulum co-ordinates active and delicate movements 
of muscle required for maintaining posture and 
balance. The cerebrstm is responsible for all the 
higher activities, the functions that a man has and 
such a creature as a frog has not. 
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and remembered. Conscious memory is only <1 small part of the 
memory. The cerebrum forgets nothing, but becomes the 
storehouse of all the accumulated experience of the individual. 
The possession of a cerebrum is necessary for education, for 
profiting by experience; and the possession of great areas of 
association, of fibres linking up the storehouses of sensory 
impression, makes the brain capable of synthesising the whole 
experience of the individual. The missing link, however, as 
regards our knowledge of cerebral activity, is the link between 
experience and action. It seems clear that a great part of our 
behaviour and consciousness arises fitom the motor and sensory 
areas. The forepart of the brain is apparently concerned with 
regtlating this behaviour. When the nerve fibres that join this 
part of the brain to the others are sevetfed or if a large part of this 
fore-brain is destroyed, the subject can still carry on almost all 
his normal skills and pursuits* He beks however all responsi- 
bility, moral sense, conscience or religious feelings: what he 
wants to do he does irrespective of others, for whom he feels no 
attachment. It seems that it is in or by means of that region that 
the responsible deciding will operates. It has been argued and is 
still being argued that the so-called voluntary activity of the brain 
is merely reflex activity of a very complicated kind: that when a 
man acts in a certain way, he does so in response, not to the urge 
of some mysterious free-will but under compulsion, in response 
to a very complicated pattern of sensory impulses received by his 
cerebrum at different times and stored there for ever. As new 
sensory impressions reach the cerebrum, the pattern of accumu- 
lated experience is constantly changing but the conduct of the 
individual depends on the state of his accumulated experience at 
any given time. On the other hand, it does not seem to be 
possible to suppose that any mechanical system can choose. If 
the brain is a mechanical system, however complicated, it must be 
without choice and our conduct must be predetermined. But we 
all accept the experience of choice, and have no reason to suppose 
it illusory; and so the majority of us do not accept the above 
theory of human conduct. 


GG 
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The nervous system, then, may be considered as a complex 
arrangement of neurones, collecting and synthesising sensory 
impressions and sending out instructions to the mobile organs. 
It has been seen that in some cases only a few neurones are 
involved, and in these, cases the anatomical connections of the 
different neurones are sufficient to account for the whole sequence 
of events from the stimulation of the sensory nerve-ending to the 
firing off of the muscle contraction. Other mote complicated 
reflexes use more neurones, but may still be regarded as reflexes: 
the Important question that has been left unanswered is, however, 
as to whether mere anatomical relations of nerve cells and nerve 
fibres are sufilcientto account for conscious sensation, for memory, 
and for the activity which we are pleased to call voluntary. 

Our study, then, of the working of a Man gives us a picture of 
a system of instruments — limbs, jaws, etc. — ^for causing motion 
in themselves and other objects. These are worked by chemical 
motors (muscles) which arc stopped, started and controlled by 
impulse-carriers (the nerves) in response to the sum of our sense 
impressions brought by these nerves from receiving instruments, 
both at the present and in the past. The brain is the organ which 
converts these manifold and related sense-impressions into motor 
impulses. All the instruments of the body operate by slow 
chemical changes of their substance, and they contain in them- 
selves chemical means of repairing wastage and damage. A pump, 
the heart, circulates through the whole body a fluid (blood) which 
brings materials for energy production (glucose and oxygen) and 
for tissue building (amino acids). This fluid also carries away 
waste products, to be removed by the lungs and the elaborate 
filter of the kidneys. A chemical laboratory in the form of the 
digestive canal converts miscellaneous organic compounds — 
food — ^into such substances as the blood can profitably carry to 
the tissues. All these instruments or organs are dependent on 
each other: changes in one influence the others through the 
bloodstream and nervous system they all share: thus Man is not a 
collection of instruments, like a wireless set or a chemical works, 
but is a whole whose parts co-operate under the brain as organiser. 



CHAPTER XXXIX 


RjEFRODUCnON 

HEREDmr 

T here arc two ways io which an individual creature can 
reproduce itself. The manner in which a single cell divides 
mto two has already been noticed (p. 820). An animal or plant 
may simply multiply its cells in this ftshion and then split off a 
portion of itself: the single-celled paramecium (Fig, 504) may 
divide in two: the many-celled sea anemone may bud off another 
from its side: even as high a creature as an aphis can bring forth 
young aphids without the co-operation of a male. This asexual 
reproduction is the exception, though it is the andent and 
primitive method. Most animals and plants propagate themselves 
by two individuals, male and female, contributing a portion of 
themselves to make a new individual. This process is termed 
sexual reproduction. 

The m^e produces an active, freely-swimming cell called a 
sperm; the female produces a larger but passive cell, an ovum. 
The sperm enters the ovum. Their nudei join and the cell so 
formed grows into a new individual. This formation and fusion 
of sperm and ovum is common to plants, jpsects, fishes, birds, 
mammals and men: to every creature which has sex. . 

It is best then to study this before we consider the details of the 
way fertilisation is brought about and the young fertilised ovum 
is nourished: for these latter are accomplished in very different 
ways by different living things. 

It will be remembered that every cell has a nudeus containing 
a material called chtomatia, and dhat when the cell divides, the 
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chromatin gathers itself first into long threads (the spireme) 
which then split into shorter lengths called chromosomes. 
These split lengthwise in half, and one half of each chromosome 
goes to each half of the dividing cell. Both the new cells get 
replicas of all the chromosomes of the old. The chromosomes 
join again to a spireme which breaks again into knots and threads 
of chromatin. 

This is the process of asexual reproduction. In sexual re- 
production a different arrangement ensures that the new cell 
from which the young is to develop gets a complete set of 
chromosomes. Man has 48 chromosomes in each of his cells: 
the essential process is much more easily represented in the case 
of an animal which has only a few. The stone-fiy is such a creature, 
but the process is essentially the same in man or sparrow or 
daffodil. 


The male of every species has germ-ceUs which produce 
spermatozoa. In man and higl^r animals these ate in the testes. 
The chromosomes are usually m pairs alike in shape. Thus, in 



Fig. 469. — How the offspring receives 
equal contributions of chromosomes 
from its patents. Above are shown 
the complete outfit of lo chromo- 
somes for the male and female stone- 
fiy. Below are shown the sperm and 
ovum each with a half set of 5 chromo- 
somes. These fuse to a fertilised 
ovum which thus has a full set of 10 
chromosomes. 


Fig. 469 the complete cell 
of the male animal has ten 
chromosomes, two rod-like 
ones a and a\ two thick V- 
shaped ones ^ and two 
smaller V-shaped ones y and 
y\ two little dot-like ones 
h and and finally, a single 
long one X and a little short 
one Y. When a cell like this 
divides in the ordinary way, 
the two new cells each get 
the same equipment of chro- 
mosomes. But the male makes 
its spermatozoa by halving 
the cells of its sex gland. This 
division is different from all 
others because the chro- 
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mosomes are not halved biit shared, half going to each 8per> 
matozoon. Thus, one sex gland cell makes two sperms; of 
these, one sperm may get chromosomes a, j8, y, ^ and Y, while 
the other gets a, )8', y, ^ and X; but they may divide up in any 
way as long as the sperm gets one of each of the a> y and j 
pair, and either X or Y. There are in this case thirty-two ways in 
which this sharing can be done. The more chromosomes there 
are the more ways of sharing them are possible. Man has 48; he 
can divide a gland cell into two sperms in about 17,000,000 
different ways. These two spermatCKEoa then divide once more 
but this time split their chromosomes and so keep the same outfit 
as they had before. 

The unfertilised female ovum has a complete outfit of chromo- 
somes aa', / 8 j 3 ', yy', SS', but instead of X and Y, a pair of the 
long X’s. Females^ have a pair of chromosomes XX where males 
have an odd couple XY. When the male sperm enters the female 
ovum this halves its chromosomes too, and throws out half as a 
“polar” body. It would then have, say, chromosomes a, y, 
and X, but of course, it can have any selection from the ten as 
long as it has one of each pair. The ovum divides again, throwing 
out another polar body but keeps its previous set of chromosomes. 

Now, the fertilisation of the egg occurs by the male sperm cell 
swimming to the female ovum and penetrating into it. Suppose 
the first sperm we mentioned was successful in doing this. The 
nuclei of the sperm and ovum combine. The fertilised egg will 
have chromosomes a,/ 8 ,y, 5 ' and X from the male, and a,fi'y,S' 
and X fi;om the female; so its cell will have the chromosomes 
aa,j8j8',yy,^T and XX. It will be a female, for it has the pair of 
chromosomes XX. Suppose the other sperm had been the 
one to fertilise the egg. The fertilised egg would have chromo- 
somes aa,^'^',y'yM', and X and Y. This would be a male 
with the odd pair of chromosomes XY. 

Now, we have reason to suppose that each of these chromo- 
somes is a string of “genes” ea^ carrying a factor which gives its 
owner some quality, and it is evident that the way in which 

^ Except with birds and buttetflies, where a£Buts axe reyeiaed. 
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chaiactets ate inherited £re>m the £uhet and mothei depends on the 
which ate in the chtomosomes they both contnbute. 
The male and female, both being of the same species, have the 
same number of chromosomes but theit chromosomes may 
contain many different genes. Thus, a colour-blind man has a gene 
which a notmal man or woman lacks, though he has the same set 
of chromosomes. A great number of human characters ate 
inherited: but many of them ate difficult to study. Some in- 
herited characters ate however obvious and easy to trace. As a 
first example, we may take brachydactyly, a deformity consisting 
of there being only two bones in the fingers instead of three. 
Suppose a notmal woman marries a brachydactylous man. The 
man has the gene for brachydactyly in one of his chromosomes. 
His spennatozoa each have a half set of chromosomes taken at 
random, so half his spermatozoa will have the gene for brachy- 
dactyly and the other half will not. 
Theovum from the normal woman 
will have a normal gene: itis equally 
likely to be fertilised by any of the 
millions of spermatozoa which 
have access to it in the act of 
fertilisation. 

Now, brachydactyly is what we 
call a dominant, that is to say, if its 
gene is present with the normal 
gene, tiie former overcomes the 
latter. If the child is the product of 
a normal ovum, fertilised by a sperm 
with the gene for the deformity, it 
will have shortened fingers; if by 
the sperm without the gene, the 
child will be normal. Consequently, 
on an average, half the children 
of the brachydactylous man and 
normal woman will be brachy- 
dactylous. Fig. 471 is a pedigree 
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Fx6. 470. — Oiagfiim illustrating 
the tnanner in which a dominant 
characteristic such as brachy- 
dactyly is inherited. A brachy- 
dactylous man is supposed here 
to have married a normal 
woman. Only the pair of 
chromosomes which may con- 
tsJn the brachydactyly gene are 
illustrated. Hie normal chromo- 
somes are shown as white rods, 
those containing the brachy- 
dactyly gene as shaded rods. 
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G. 471. — Pedigtee of a fiuxuly dcs- 
oeooed from a parent having the 
btachydactyly gene. (After Faiabee.) 


(due to Fanbee). The usual affected and femmb 

* fc.. _ 1 j r> r NO«M«.MAl£ANDFBilALE (fo 

signs (7 for male and $ for * 

female, arc used, the brachy- ^ ^ 

dactylous arc black, and the ^ 

normal, white. 

It should of course be Fio. 471.— Pedigtee of » ftmily det- 
realised that it is only probable ‘i»e 

that half the ofispring wiU be 

brachydactylous, in the same sense that it is probable that 
of ten playing cards, taken at random, five will be red. 
The more cases we examine, the more nearly we are likely to 
find equal totals of normal and abnormal children. But, in 
an individual family it might easily happen that there were nine 
normal to three abnormals or piee Hersa. There will be equal 
numbers of sperms with and without the btachydactyly gene; it 
is simply a question of luck which single one of the millions of 
sperms concerned in a single act of fertilisation happens to reach 
the ovum first. 


One btachydactyly gene is enou^ to give the owner the 
deformity. In very many cases a quality is ioheiited only if both 
chromosomes of a pair possess the gene. We may take the case 
of the inheritance of blue-eyes as an example, though it is probably 
rather mote complicated than appears bdow. Here, the gene for 
blue-eyes or grey-eyes is a recessive; that is to say, the gene for 
brown or hazel eyes overcotxies it. Suppose we the blue-eye 
gene a and the brown-eye gene b. Suppose a blue-eyed man and a 
brown-eyed woman marry. The blue-eyed man will have an a 
gene in each of the particular pair of chromosomes concerned with 
eye-colour. We can call him then. All of his spermatozoa will 
have one of the pair of chromosomes and therefore one of 
these a genes. The brown-eyed person will have two b genes, bb, 
of whi<£ one will remain in her fertilised ovum. Then the off- 


spring will have both fiu:tors, and its chromosomes will contain 
b^ genes, aby and since b overcomes a, all the children will be 
brown-eyed. But, they will only in appearance be the same as 
didr brown-eyed parent who has two b genes. 
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Suppose two of these ah^ brown-eyed people marry. Their 
sperms and ova will either have ^naotzb. So their offepring may 
have, 


From the father, 
a 
a 
b 
b 


From mother. 
a 
b 
a 

b 


Child’s eyes. 
aa blue. 
ab brown. 
ab brown. 
bb brown. 


So, since all four possibilities are equally probable, on an 
average, such a marriage would produce one blue-eyed child 
to every three brown-eyed, of which three, only one would be 
a pure brown with no blue gene. This case is a very common 
one. 

Here arc some examples of it. In each case the dominant b 
behaves like the brown-eye factor and the recessive a like the blue- 
eyed factor. 


Dominant 

Recessive 

Blackness in rabbits. 

Blue colour in 


rabbits. 

Tallness in peas. 

Dwarfhess in peas. 

Short hair in rabbits. 

Angora fur in 


rabbits. 

Rough hair in guinea 

Smooth hair in 

pigs. 

guinea pigs. 

Web-fingers. 

Normal fingers. 

Mongolian “slant- 

European eye. 

eye.” 


Normal pigmentation 

Albinism. 

in man. 



In a number of cases the ab offspring have a different appearance 
from that of the aa or bb offspring. A simple case is that of the 
crossing of ivory-coloured and red antirrhijQums. If we call the 



gene for ted (a) and that for ivory (b), then aa plants ate ted, 
bb plants ivory, while ab plants are pink. 

A third interesting type of inheritance is the “sex-linked” 
which is well illustrated by hemophilia, the defect, already 
mentioned on p. 840, by which the blood of the sufferer from it 
does not easily coagulate. Fig. 472 shows a pedigree of an 
affected family. It is easily seen that only males^ suffer from the 



Fxg. 472. — Seven genentions of haemophiliac! (bleeders). White circles or squares 
or the letter N indicate normal persons. Black squares indicate males who 
suffered from haemophilia. Shaded circles indicate females who» though un- 
affected themselves, carried the gene in one of their X-chromosomes and so 
transmitted the disease. (After Davenport.) 

condition, and that it is only inherited through the mother. 

Hasmophilia is a recessive, like blue-eyes, and its gene (b) is 
contained in the X chromosome of which a man has only one 
(p. 912) and a woman two. Now, suppose arman with haemophilia 
marries a normal woman. His sperms have either an X chromo- 
some with the haemophilia gene Xj, or a Y chromosome. 

An ovum from a normal woman will have one X chromosome. 
So, the result of the mating will be either a child with chromo- 
somes X and Xj^ — a daughter — or a child with chromosomes XY — 

1 If both partners came from an affected funily, the daughters might suffer from 
the disease. If one partner is normal, this cannot happen* 
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a son. The son will be petfectly normal and neidier has the 
disease nor hands it on. The daughter will not have the disease, 
for her normal X chromosome overpowers the recessive abnormal 
one with the haemophilia gene. Now, suppose she marries a 
normal man. Her fertilised ova will either have the X or X^ 
chromosomes. The father’s sperms will have X or Y chromo- 
somes. So, the possibilities are 


From mother 

From father 

Offspring 

X 

X 

XX Normal daughter. 

X 

Y 

XY Normal son. 

X. 

X 

X^X Daughter who may have 
haemophiliac sons. 

X. 

Y 

Xj,Y Ha^ophiliac son. 


So, the disease is handed on. Colour-bUndness and certain 
other forms of blindness are inherited in this way. 

The above ate a few of the simplest cases only. Quality and 
colour of hair in the rabbit is controlled by no less than twelve 
difierent genes, and the number of possible variations is therefore 
very large. Very few cases of human heredity have been com- 
pletely worked out. Human beings ate particularly difficult to 
study from the point of view of heredity, first because they 
breed slowly, and long and complete pedigrees are very difficult 
to trace; secondly because human beings are so interbred that 
a pure stock is nowhere to be found. 


HUSIAN REPRODUCTION 

This combination of two half-sets of chromosomes from a 
sperm and ovum respectively occurs in every species which has 
two sexes. The means by wUch the sperm and ovum are brought 
and the way, if any, in which the fertilised ovum is 
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cared for until it can look after itself varies enormously. Among 
almost all land-animals, the male intxoduces his sperm into the 
body of the female. Amphibians and fish often shed their sperm 
and ova into the water, where they meet. The very curious 
method adopted by plants is mentioned on p. 994 if. 

Let us trace the complete course of reproduction of a h uman 
being. A new-born baby is either male or female. This depends 
on whether its original cell and, therefore, all the cells which 
grew from it by the ordinary process of division (p. 820), had two 
equal X-chromosomes, in wlfich cue it is a girl, or an X and a Y 
chromosome, in which case it is a boy. In the first case, the female 
sex-organs are developed (p. 922), in the second case, the male 
organs. These organs have no ftmd^on at first and remain small 
and undeveloped until the age of puberty, which may be between 
9 or 15, varying greatly in difierent races, and in individuals of 
the same race. At this age, the anterior lobe of the pituitary gland 
sends out a substance which sdmubtes the ovary or the testes to 
grow. These again send out hormones whi^ cause all the 
changes of puberty. 

The result of these changes is, then, firsdy to make the sex- 
organs develop and become capable of doing their work of 
creating offspring, and next to develop secondary sexual charac- 
ters, such as beard and deep voice in a man, and the body hair 
of a woman. Mental changes also occur: notably an emotionally- 
coloured attitude to the other sex, and perhaps not unconnected 
with this a feeling for beauty, bodily or spiritual. From the time 
when puberty is well advanced until old age, the male sex system 
steadily produces millions of spermatozoa which are always 
ready for the act of generation. The male organs are shown in 
Fig. 473. The testes consist of nests of mbes, the walls of 
which ate lined with cells which grow and divicle into sper- 
matozoa as already described. The spaces between the tubes 
are packed with interstitial cells which produce minute quantities 
of a most potent hormone, testosterone, which brings about 
the changes at puberty and continues to exert influence 
thereafter. 
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We all know the difference between the savage and powerful 
stallion and the dodle gelding: the active, lean and enterprising 
tom-cat and the heavy and indolent neuter: the ferocious bull and 
the mild ox. The removal of the testes, in general, makes an 
animal fat, lazy and docile. There is a general belief that the 
changes of old age are due to the dwindling and loss of function 
in the ovary and testis. Attempts have been made to graft 
testes, usually from an ape, into old men: the operation often 
succeeds in restoring vigour and a feeling of well-being, but it 
does not restore the worn-out tissues and hardened arteries of 
old age. 

The chief task of the testes is to make spermatozoa. The 
human spermatozoon is a minute cell consisting of four parts, a 
sharp point which can penetrate die ovum, a flat shovel-shaped 
head which contains the nucleus and genes, a middle piece which 

contains the apparatus causing the 
first division of the egg, and a long 
whip-like tail. By lashing this tail, 
the spermatozoon can swim — ^not 
very rapidly. The spermatozoa of 
almost every creature are of this 
shape, having a head and swimming 
freely by means of their whip-like 
tail (Plate XLVI). 

Ihe spermatozoa pass through a 
long coiled tube, the epididymis, 
along the spermatic duct. The only 
remaining part which the male takes 
in reproduction is to introduce his 
sperm into the female. This is done 
by means of the exterior male 
organ. Some forty million sperms, 
mixed with the secretion of the 
seminal vesicles and of the prostate 
gland, are forced into the passage 
leading to the intenor of the female 



Fig. 473. — ^The male oigans of cc- 
production, ^htly modified so 
as to appear in a single vertica] 
section. T, testis; E, epididymis; 
V, seminal vesicle; B, bladder; 
P, prostate; U, urethra. 
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sex-organs. Here they swim upward through the uterus and the 
uterine tube towards the ovary. 

Now, let us turn to the much more complicated processes in the 
female. From puberty onwards, a remarkable cycle of events have 
been repeating themselves over a period of some twenty-eight 
days: the object of these is to supply an ovum to be fertilised by 
the spermatozoon and to provide a means by which the fertilised 
ovum can be nourished while it grows. 

The essential sex organ of the female is the ovary (Fig. 474) in 
which is secreted a hormone which causes the changes at puberty, 
but which also contains a great number of ova or egg-cells each 
contained in a little bag, or Graafian follicle (Plate 3 CLVI). They 
gradually mature and finally project from the wall of the ovary. 

For the first few days of the aJrday cycle, that remarkable 
gland, the pituitary, produces a hewrmone, gonadotrophin, which 
stimulates the ovary to produce another hormone, cestrin, which 
is known to be a complicated chemical substance, cestronc, with 
formula as shown below. It is interesting to note the likeness 
between the male and female sex-hormones. 
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The male sex-hormone: testosterone. 




The oestrone passes into the blood stream and reaches the 
uterus (Fig. 474), where it causes the inner wall, whose function is 
to house and nourish the developing child, to grow and become 
full of blood vessels. A follicle then biirsts in the ovary and an 
ovum is liberated: this is pushed by dlia (p. 977) down a tube (the 
uterine tube) to the uterus. If it meets wiA a spermatozoon, it 

will be fertilised as de- 



scribed on p. 913. 

The pituitary then 
ceases to produce pro- 
lan A, and the ovary 
produces less ocstrin. 

Another hormone 
progestin is now pro- 
duced by a yellow body 
the “corpus luteum,” 
which remains in the 
ovary in the place from 
whidi the ovum 


Ftg. 474. — ^Thc female organs of reproduction. 
U »» uterus; V«» vagina. 


emerged. Progestin 
prepares the wall of 
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the uterus to receive a fertilised ovum. But if the ovum is not 
fertilised, as in general is the case, progestin ceases to be secreted. 
The enlarged wall of the uterus breaks down and escapes to 
the exterior as blood and cell-debris. The cycle then starts over 
again, the pituitary producing gonadotrophin which makes 
the ovary produce cestrin which makes the wall of the uterus 
grow again. The whole cycle repeats itself at intervals of about 
28 days. 

If the ovum is fertilised, the corpus luteum in the ovary 
persists all through pregnancy: its function may be to stimulate the 
uterus to growth. 

Let us suppose, however, that the ovum has met a sper- 
matozoon in ^e uterine tube, aiulithat their nuclei have fbsed 
into a single nucleus, and let us gtance at the series of changes 
which turn this single cell into a human being. 

The fertilised egg, which is a sickle cell so minute that it would 
be only visible as a speck some f^^th inch in diameter, is 
carried down the uterine tube into the uterus and embeds itself 
in its wall which has become thickened and full of blood vessels. 
Now, it is obviously impossible to observe the development of a 
single microscopic cell within the uterus, so our knowledge of the 
first few days of development is chiefly drawn from observations 
on other animals. Even before the fertilised ovum reaches the 
uterus, it begins to divide in the usual manner described on 
pp. 820-821, first into two, then into foiu, then into eight (Fig. 
475, 1-4), till it becomes a ball of rounded cells which becomes 
hollow like a tennis ball (j), but with a thicker mass of cells pro- 
jecting into its interior, l^e form of a hollow cup (6) is next taken. 
Meanwhile, the ovum has embedded itself^eeply in the wall of the 
uterus. It next develops a set of organs which are designed to 
attach it to its mother’s uterus and supply it with nourishment. 
These ate discussed on p. 925. The cui> tiien becomes internally 
closed (7) and then folded on itself (8). |Its external appearance 
in now rather like Hg. 475. B i- The groove so formed ^elops 
into the backbone. The most interesting changes occur between 
the third and eighth week. When a human embryo is about foot 
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weeks old, it is about an eighth of an inch long. It is then 
hardly possible to distinguish it from the embryo of any other 


b .03.03) .® 



B 


o ^ <^^3? 


1 2 d 



Fig, 475. — ^Development of fertilised 
ovum Ai-8 etrliest stages, x-4 arc 
views, 5-8 arc sections. Bi-j Infolding 
of the cupshaped mass of cells forming 
a groove Bz which Is the rudiment of 
the backbone. These stages ate taken 
from the development of the tadpole, 
but are closely similar to those occur- 
ring in man. C z. Fish-like suge with 
rudimentary gill-arches and long stout 
tail. 5-5 later stages. Age of em- 
bryos shown. A. x-8 up to r. zo days. 
Cx about 4 weeks. C) about 6 weeks. 
C4 about 7 weeks. C5 about 8 weeks. 
Figs. A 1-8 ut much magnlBed. Cx-5 
are about twice natural siae* 


large mammal and indeed, 
it is very little diflferent from 
the embryo of a bird or a 
fish. It has a long and large 
tail rather like a fish’s. It 
has a single-chambered heart 
like a fish’s and a circulation 
with loops to four gill-arches 
(p. 954) like those of a fish. 
It does not use these rudi- 
ments of gills, but for some 
reason the single cell can only 
become a man by first or- 
ganising itself on the plan of 
a fish and then altering this 
to the plan of a man. It is 
clear that there is some con- 
nection between the way the 
primeval cell of a thousand 
million years ago evolved 
ifito a man and the way the 
primitive single cell of the 
fertilised ovum develops into 
each one of us: but what this 
connection is, is unknown. 
Fig. 475 gives an idea of the 
way the primitive fish-like 
embryo gradually evolves 
into a recognisable man. 

Nearly all creatures other 
than mammals provide their 
fertilised egg-cell with a 
large supply of food *‘yolk” 
to sustain it until it can fend 




Placental viUi imbedded in the 

.decidua basalts 


Umbilical cord 
with Us con- 
tained vessels 


Non-placental villi im 
bedded in the decidua 
capsvlaris 



Uterine tube 


Cavity of uterus 
Yolk-sac 

Cavity of amnion 
Decidua parietalis 


Plug of mucus in the 
cervix uteri 


Fio. 476.— The uterus io the third month of oiegnancy. Note the artmlatio^ 
blood from the embryo through the umbiliod cord ai^ 
latter is in intimate contact with the diddiit pla^talu (tM^) 
supplied with the mother’s blood. The embrjro l^gs ui the liquid 
th^ Note also the temaini of the yolk-sac from wtaA 

its early nourishment. As the foetus enlar^ the latim tmty disapi^fs. (Courtesy 
of Mewts. Longmans, Green & Co., Ltd., &om Gray s Anatomy.) 


for itself. The hen’s egg contains enough food to turn a fertilised 
germ-cell into an active bird. The mammals have adopted the 
plan of supplying nourishment from the mother’s blood. Theegg- 
cell has a Uttle yolk: this serves to sustain the developing egg until 
it has its own system of nourishment. Fig. 476 shows how a 
mammal is supplied with food while it is in the mother’s bwy. 
The uterus develops its thickened wall {decidua plaeentalis. Fig. 
476): ramifying into this ate the villi of the chorion which is 
developed from the embryo. The chorion contams a sac of hqmd 
in which the embryo hangs by a sort of stalk. This stalk contains 
an artery through which the heart of the embryo pumps its own 
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blood to the chorion from which it returns by a vein. 

Where the uterine wall and the chorion meet is the placenta, a 
flat plate of tissue richly supplied with the mother’s blood. Here, 
the embryonic blood and maternal blood are only separated by the 
finest membranes. Consequently, food and oxygen diffuse from 
the maternal capillaries into the chorion and so to the embryo: 
while waste products diffuse back from the embryo via the 
chorion to the mother’s blood. 

Pregnancy ends in the human being after a period which is 
very nearly nine months. Why this period is found in man 
while the dog requires but nine weeks and the elephant as much 
as two years is not understood, nor indeed is it understood 
what makes birth take place at the end of that time. It was 
formerly believed that the corpus luteum degenerated, and the 
lack of its hormone allowed the uterus to expel its contents. But 
the corpus luteum can be removed without terminating preg- 
nancy; consequently, we are in the dark as to what is the clock 
that times the nine months and how it gives the order for birth to 
take place. The muscles of the uterus and the belly-wall force the 
baby through the vagina to the outer world: the placenta and 
membranes follow shortly after. 

The child has now to fend for itself as far as air supply, 
digestion and excretion are concerned. It has lungs, intestines 
and kidneys which it has not yet used, and these promptly set to 
work. A new-born chick can eat much the same food as a hen: 
the mammals are distinguished by elaborating milk in the breasts 
or mammary glands as a food which nourishes the young for the 
first few weeks or months. 

The mammary glands vary in number in different animals. 
The human being has the minimum number, two. They arc a 
mass of ramifying tubes lined with secreting cells The tubes al’ 
meet and deliver the milk to the central opening. 

Milk is an emulsion of fat-droplets in a weak solution of 
certain solids. It is a very complete food. It contains everything 
that the young of the species require — fat, proteins, carbohydrates, 
•alts and vitamins. It contains some 87% water, 3.7} % £it, 4.7% 
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of laaose (milk sugar), 3.4% of caseinogen and lactalbumea — 
proteins — and 0.75 % of salts. It does not follow, of course, that 
the milk of one creature is the right food for the young of another. 
Thus, cow’s milk contains rather too little vitamin C for the 
human infant: moreover, since the calf grows more quickly than a 
baby it contains too much protein and salt. It has rather too little 
sugar and, interestingly, too little lecithin. Lecithin is a material 
which is needed for brain development, which does not trouble 
the calf as much as the human being. The milk which the child 
sucks from its mother’s breast is completely free from bacteria: 
ordinary milk after storage and delivery may swarm not only with 
the lactic bacilli which finally make It go sour, but also with the 
germs of bovine tuberculosis, and aoy others that may have been 
introduced by those who have handled it. It is considered too 
that maternal milk carries with it the attti-bodies (p. 1014) from the 
mother’s blood and is, therefore, capable of conferring on the 
baby some immunity from infection. It is an odd fact that milk 
contains almost no iron and apparently the child stores before 
birth enough iron — which it must have for its red blood pigment 
— to last it until it is weaned. 



CHAPTER XL 


The Classes op Animals 

SPECIES 

W E have now looked into the workings of one animal- 
man. We have seen that the body is a community of cells, 
separate yet dependent on each other for life. We have seen how 
some cells are specialised for strength, others for motion, others 
for sensitivity, others for the production of chemical substances. 
Every living creature is either a single cell or a collection of such 
cells and it is almost certain that from the chemical and physical 
make-up of the individual cell arise all the differences between the 
kinds of living creatures. 

Our next problem should be, then, to see how living creatures 
differ from man and from each other. One of the earliest facts we 
learn is that there are different kinds of living creatures, cows, 
horses, sparrows, herrings, oysters, turnips and whatnot: and that 
these mate with their own kind and reproduce their own kind. 
We may term these different kinds of animals, spechs. Now no 
two animals are exactly alike, but any two sparrows resemble 
each other more closely than any sparrow resembles any bullfinch 
or chaffinch. Thus, surveying all the single animals and vegetables 
we can observe that they can be grouped as species whose 
members are more like each other than they ate like the members 
of any other species. A few cases of difficulty arise when the 
differences are small. It would be wrong to say that the Chinese 
and European races of men are different species, for the likenesses 
between them are so much greater than the dMerences. We should 
call them "races** or "varieties** of the same species. But, ffiere is 

9tS 
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no really certain criterion which enables us to say whether two 
groups of individuals belong to different species or different 
varieties of the same species. 

The biologist says he will give the name species to a group of 
creatures which have the following characteristics. First, they 
should be more like each other than like the members of other 
groups: secondly, they must breed offspring which remain 
equally like their parents and each other: thirdly, they must readily 
breed with each other, and less readily or not at all with animals 
of another group: fourthly, the group must not be distinguished 
by some temporary characteristics due only to outside influences 
like food or climate. 

Thus, take as example the dandelion. Dandelion plants are 
more like each other than they are like hawkweeds or chicory or 
any allied plant: dandelion seed produces dandelions just like the 
parents. They are much more readily fertilised by dandelion 
pollen than the pollen of any other plant: in natural conditions 
they never cross with other flowers. Finally, we do not call the 
sm^ dwarf dandelions of lugh and rocky places and the large 
luxuriant dandelions of the meadows two different species, for, 
if we plant the former in the meadows and the latter in the rocks, 
they soon become just like their neighbours. 

We do not call Chinese, negroes and Europeans different 
species because, apart from racial prejudices, they breed freely 
with each other. But it must not be forgotten that this classi- 
fication into species and races is an artificial one. Probably, a 
“race” is the first stage in the formation of a new species. Hardly 
any species, as fossils show us, has remained unchanged over 
periods of tens of millions of years. It*is quite likely that if 
Chinese, negroes and Europeans were to be isolated for ten or 
twenty million years, they would evolve in different ways and 
become so unlike as to be truly different species and no longer 
able to interbreed. 

There are nearly a million known species of animals and plants: 
new ones are frequently being described. It is clearly unwieldy 
to classify living creatures into a million groups: accordingly, 
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the classificatioQ into species is inadequate fbt practical purposes. 
These species can be further classified mtoffiura, all the species 
in which are more like each other than they are ^e any species 
outside the genus. 

Thus, the spedes of plants, charlock, cabbage, caulifiower, 
mustard, turnip, brussd-sprout are put in the genus Brassiea, for 
to the eye of the botanist they are mote like each other than they 
are like the wallflower or radish or water-cress which are their 
neatest common relations. Again, the 'mious spedes of domestic 
mouse are classed in the genus Mus, for they all are more like each 
other dian any of them are like their nearest allies the rats, field 
mice, etc. 

In what is this likeness found? One will look for it in characters 
which do not vary much within the spedes. Thus, colour and 
markings are poor criteria of a spedes. A conformation, depend- 
ing on the bones or fleshy parts is a sounder test and perhaps the 
best test of all is the chenucal one which is described a little later. 
These genera are further grouped into larger divisions, which are 
again combined into twenty or so phyla, each of which represents 
a totally di&rent pattern of animal or plant. 

Fin^y, these phyla ate grouped into the two Kingdoms of 
Animals and Plants. 

For an example let us return to oiir mouse. The house-mouse is 
the SPECIES Mus museulus. It belongs to the GENUS Me, which 
also indudes various foreign mice. This gentis is grouped with 
the rats, harvest mice, field-mice, etc., to make a SUBFAMILY 
Murina which is grouped with the subfamilies of Gerbils and 
certain fotdgn water-rats to make the FAMILY of Murida. 
This family with the Dormice, Hamsters, Voles, Lemmings and 
Jerboas are grouped into the SECTION of Myomorpba or mouse- 
like creatures. 

This section joins with the Squirrels, Prairie-dogs, Flying- 
squirrels, Beavers, Porcupines, Guinea-pigs, to make up a 
SUB-OWER of SimpUci^ntata which with the sub-order of 
rabbits and hares {Duplieidentata), make the ORDER of Rodentia. 

The rodents difiet from the other tnammals in having a 
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peculiat chisel-like pair of front teeth; these ate adapted for 
gnawing and grow all the time the animal is alive. Most rodents 
have five toes and ate vegetable feeders. A good many other 
characteristics are shared by this order. 

The rodents are a group in the SUB-CLASS of plmntal 
mammals, distinguished by having a placenta (p. 926) as a means 
of nourishing the unborn young, llie placental mammals with 
the much less important marsupials (kangaroos, etc.), and the 
egg-laying monotremes (like the platypus) form a very well- 
marked CLASS of Mammals. 

Mammals are warm-blooded, hairy, and suckle their young. 
The mammals, birds, reptiles, amphfifians, fishes and cyclostomes 
(a primitive l^d of fish) together wake the SUBPHYLUM of 
Cramata or creatures with skulls. This, with a few primitive 
creatures (e.g., sea-squirts, lancelets) make up the PHYLUM of 
Cbordates or Vertebrates, distinguahed by having a central 
nervous system (brain and spinal cord) lying all on one side of the 
digestive system. Now, this whole phylum of vertebrates may be 
thought of as having a structure and working, something like that 
which we have studied in man. The other eighteen phyla of 
animals are built on a completely different pattern. Thus, in a 
starfish (phylum of Echinodermata) you cannot find any organ 
that you can also find in man. A frog, on the other h^d, has 
nearly all the important organs found in a man. 

TWs phylum of vertebrates is then grouped with eighteen 
other phyla, among which may be mentioned the arthropods 
(crustaceans, spiders, insects, etc.), the molluscs (snails, bivalves, 
cuttlefish, etc.), the coelenterata (jelly-fish), to make the GRADE 
of Metastpa or many celled animals. The metazoa with the other 
grade of Protos(pa, single celled creatures, make up the KINGDOM 
of Animals. These, with the kingdom of plants (itself divided 
into grades, phyla, etc.), complete the total of living things. 

This classification may seem very cumbrous, but if you have 
a million things to classify, you must have a pretty complex 
sptem. 

It is obviously hopeless to do more than try to illustrate the 
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working of a few of the creatures of the main phyla, and to show 
how widely or otherwise, they differ from the pattern we have 
discussed. 


UAiatALS 

Apart from his brain, Man is a rather unspedalised mammal 
He 1 ^ not spun his fingers out into a wing like a bat, nor his nose 
into a trunk like an elephant. He has kept all his five fingers or 
toes on each limb. In fiict, apart from his naked skin, his lack of a 
tail, the peculiar shape of his head and his erect position, it is not 
unfair to regard him as a typical mammal, and such creatures as 
bats, elephants and horses as divergents from the type. It is 
wordi while, however, to spend a little time in seeing how the 
unspedalised type we have described in Man is adapted to suit the 
lives of the various mammals without losing or gaining any 
important part. All the mammals could be made out of die 
simple t]rpe by modifyingxtx enlarging this bone, bending that one, 
using an old organ for a new purpose or letting a useless one 
dwindle away. 

One of the strongest pieces of evidence for the theory that 
mammal s have been derived from a common stock, is that all 
their varied shapes and abilities ate the result of variations on the 
single theme of the vertebrate body. 

The bony structures show this admirably. In Figs. 477-8 are 
shown the skeleton of a man and a dog. Look first at the limbs 
and feet. All the main bones are not only there, but are roughly 
the same shape. The dog walks on his fingers and has lost his big 
toe and reduced his thumb to a small size. His pelvis is decidedly 
different because he is four-legged. Consequently, it is not a cup 
to support his organs but is rather a means of transmitting the 
thrust of his back legs to his body. The difference in the skulls is 
interesting. A dog has not much brain to house, but his diet 
requites powerful jaws. In our skull, the jaw bones are 
small, and the frontal and parietal and occipit^ bones which 
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Fig. 477-478. — ^Skeleton of dog and man. For names 
of bones in these and in Figs. 482-485 see list below. 


A, Alisphenoid; An, Angular (»®Tynipanic); Ar, 
Articular (« Malleus). B, Occipitals; Br, Branchi- 
ostegal rays. C, Gimals; Ca, Calcaneum; Q, Qa vide; 
Co, Coracoid. D, Dentary. £, sub-orbitals. 
F, Fibula; Fc, Femur; Fr. frontal. G, Pterygoid. 
H, Humerus; Hm, Hyomandibular (» Columella >« 
Stapes). I, Ilium; lo, Interopercular, Is, Ischium. 
J, Jugal. K, Symplictic; Kb, Ceratohyal; Ko, Co* 
ronoid. L, Lachrymal; Lc, Cleithrum; Ls, supra- 
Cleithrum; Lt, Lcpidotrichal. M, Maxilla; Me, 
Metacarpals; Mp, Paiaspbenoid; Ms, Mesethmoid; 
Mt, Metatarsals. N, Nasal. O, Opercular; Op, 
Prcopercular. P, Palatine; Pa, Parietal; Pm, Pre- 
maxilla; Pu, Pubis. Q, Quadrate. R, Radius; Ra, 
Radials; Ri, Ribs. S, Squamosal; Sc, Scapula; St, 
Sternum. T, Tarsals;'^!, Tibia. U, Ulna; Us, sub 
opercular. V, Splenial; Va, Abdopiinal vertebrae; 
ycy Cervical vertebrae; Vk, Caudal vertebrae; 
VI, Lumbar vertebrae; Vs, Sacral vertebrae; Vt, 
Thoracic vertebraae. W, Prefrontal. X, Phalanges; 
F Y, Parasphenoid. Z, Supra angular; Zt, Supra 
temporal. Numbers 1-5 — digits. 

Nom — ^In human anatomy somewhat difiereot 
names are given. 
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contain the brain are huge. 
But barring the dog’s ti^ 
bones which we have re- 
duced to a remnant and 
our great toe which the 
dog has dropped, the 
skeleton of the dog is 
bone for bone like ours. 
The bones which have 
been most interestingly 
modified are those of 
the hands and feet. Fig. 
479 shows the remark- 
able things which mam- 
mals have done with 
them. The horse which 
has reduced its toes to 
one useful one, and rudi- 
ments of the others, and 
the bat which has ex- 
tended its fingers to make 
a wing, show the extremes. 

The skin and hair, being 
next to the outer world, 
ate organs which are 
pretty extensively modi- 
fied. Man is very excep- 
tional in having a thin 
naked skin. The typical 
ynammalian arrangement 
is a fairly riiin sUn well 
covered with hair, the 
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Fig. 479. — The limbs of mammals. Above, 
seapuh; Ho, humenis; Ra, ladios; Ifl, ulna; 
Ph, phalanges or fingers; Pe, pelvis; Fe, femur; 
or imkle bones; Me, meaninals; Pb, toes. 


function of which is to entrap air and so make a layer which does 
not conduct heat to the exterior. Hair is inddentally a protection 
against mjury. No creature, except a mammal, has any true bait 
growing ^m a toot — ^the anatomy of the hair toot appears in 



Tie Classts of Aiimah 


9ii 


titnmoT t»T B£ji 



fote-lifflbs; below, hind limb*. Bones' Si, 
Ca, caipal ot wtist bones; Me, metatarsals; 
Pa, patella; Ti, tibia.; Fi, fibula; Ta, tarsal. 


Plate LXTV— and every 
mammal, except whales 
and dugongs, has some 
hair. Homs (but not ant- 
lers) ate really a kind of 
hair cemented into a solid 
mass. The quills of hedge- 
hogs and porcupines ate 
modified hairs also. 

A few mammals have 
scales, which is not sur- 
prising since our reptilian 
ancestors were probably 
scaly. Most interesting is 
the i&ct that hairs on 
mammals with scales are 
grouped in threes or fives 
behind each scale, and 
that mammals who have 
lost their scales often show 
the same arrangement of 
groups. The fine hair on 
the human foetus shows 
this memory of a £tr 
distant scaly past! 

The nervous system, 
apart from the brain, is 
not widely different in 
manpnals generally and 
in man. The brain, how- 
ever, shows enormous 


differences in development, which are mentioned again apropos 
of the evolution of man (p. 1036); though the brains of rabbit and 
man axc tccognisably built on the same plan. Fig. 48® shows 
the brains of dog&h, frog and pigeon (which of course 
ate not mammals ), and of rabbit, dog, monkey and man. 
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Fig. 480. — ^The btains of a few vertebrates drawn as if the 
l»ses of each were the same length. 01.b,» OllEactory bulb, 

C.H., cerebral hemispheres; O.L., optic lobe; Cer, Cerebellum; 

Hy, Pituitary gland; M.O., medulla oblongata (brain-stem); 
o.t., optic tract (i) olfactory nerve, (m) optic nerve. Note 
that t]^ hup[e cerebrum of man hides much of the lower 
centres of his brain. 

llie cizes ate drawn as if the bases of the brains of all the 
animals in question were of the same length. The cerebral 
hemispheres, which deal with registering and recording of sense 
impressions and the making of skilled movements in response. 
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arc negligible in the dogfish, better in the frog and better still in 
the pigeon, which shows the dawn of intelligence. The rabbit 
shows little or no advance: its life needs, if anything, less skill of 
movement than the strongly and skilfully flying bird. Its organ 
of smell is well developed, which is characteristic of the mammal . 
The dog has a far better brain. In order to give it more surface 
(the active portion), it is crumpled up into folds. The dog is very 
teachable: he has consequently a large area where he can store his 
sense impressions or memories. His visual area and his prefrontal 
area (see pp. 1036 ff), and his auditory area are small, for he does not 
depend on his eyes or reasoning or speech, but his olfactory region 
is huge. A dog can recognise his master doubtfully by sight, but 
certainly by the smell of his trousers*— a state of ^airs diat we, 
who could not tell our own wives from other women by their 
smell, find it hard to imagine. The monkey's brain is larger still, 
for he is a creature leading a highly skilled life swinging among 
the branches and needs very complete and accurate control of his 
muscles. The olfactory region is reduced to very small propor- 
tions while the visual and auditory parts are much increased, for a 
life in the trees gives little scope for smell and much for sight and 
sound. Man's brain finally is hugely enlarged. It will be seen that 
the chief enlargement is in the auditory region — concerned largely 
with word-images and speech: in the region between the visual and 
the motor region, where, probably the registering of sense impres- 
sions goes on, and most of all in the prefrontal region which prob- 
ably deals with visual images registered in memory, and the associa- 
tion of these. Probably in the prefrontal region Ae highest mental 
processes of ingenuity, reasoning and intuition have their seat. 

In the sense organs of the mammals, the ^differences are smaller. 
Many mammals have special touch-hairs like the cat's whiskers. 
These are most highly developed in the night-flying bat tribe. The 
organs of taste in mammals are not very different from those in 
man, but as might be expected, the organs of smell in the nose are 
much more elaborated. Instead of the smaU area devoted to smell 
in man, the dog has in its nose a most elaborate system of folds of 
thin bone covered with a membrane in which are the nerve endings 
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of the sense of smell. The other extreme of having very little sense 
of smell is reached in the primates — ^men, apes and monkeys — and 
in sea-beasts, seals and whales. The sperm-whale has not even an 
olfactory nerve. 

Nearly all mammals have efficient eyes built on the same 
principle as the eye of man. The pupils of some form a slit instead 
of a circular hole — the cat is a good example. The moles have poor 
eyes — sometimes their eyelids are joined though there is an eye 

beneath. An eye, 
easily irritated by 
earthy particles, is 
a hindrance to the 
mole in his dark 
tunnels. One 
beast, the Austra- 
lian marsupial mole 
Notofyetes^ has only 
a rudiment of an 
eye with no lens 
and no rods and 
conesi 

The organs of 
digestion are of the 
same general pat- 
tern in mammals 
but their details 
vary greatly ac- 
cording to whether 
the food needs little 
digestion or much. 
The ruminants 

Fig. 481. — ^The digestive system of a herbivorous — C'g** COW 

mammal (above) and of a carnivorous mammal are examples of 
(below). The course of the food in the upper figure 1 

is shown by dotted lines and arrows. O, oesophagus tlie nrst type and 
(gullet); Ru, rumen; Re, reticulum; Ps, psalterium; carnivores SUch 
Ab, abomasum; S, stomach; D, duodenum; S.I., ^ r 4.U 

small intestine; C, cacum; Co, colon; R, rectum. I"® QOg, OX tuC 
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second. Man's digestive system is mote like the dog’s than the 
cow’s. The mouth is much alike — ^the mammals, by the 
way, are the only creatures with true movable lips. A few 
creatures (such as die prairie dog), have cheek pouches which 
they can fill with food. The teeth vary enormously according to 
whether they are cutters, crushers or grinders. The tusks of 
walruses and hogs are simply huge canine teeth used as weapons. 
Those of elephants are exaggerated upper incisors. The tongue is 
of various shapes, but the only important modification in it is the 
homy tongue of the cat tribe a^pted for rasping flesh from 
bones. The gullet is again similar in most mammals. The stomach 
of the m a mm a l s is normally very like the human, but in the 
ruminants who feed on herbage and chew the cud, the true 
stomach is preceded by three compattments formed out of the 
gullet. When a cow eats grass, it goes in to the rumen (Ru) 
dience to the reticulum or honeycomb (Re). These are simple 
storage places. It is then “swallowed upwards” and chewed and 
then returned to the “psalterium” (Ps), and the "abomasum” (Ab) 
for true digestion. The intestine of a herbivorous creature has to 
be very long. It usually has a big blind pouch, the csecum, where 
food is stored before it passes to the large intestine, and the large 
intestine is very long and coiled. All this gives the bacteria in the 
intestine a chance to turn the cellulose in the grass, etc., into 
valuable sugar, a trick the mammalian digestive enzymes cannot 
perform. 

BIRDS 

The considerable likeness we have seen among mammals, 
extends to some extent to birds. A bird “works” very much as a 
man does, but there are certain differences-between any bird and 
any mammal. 

Every bird and no mammal has the combination of feathers, 
wings^ based on an “arm” (not like a bat’s wings which arc 
stretched on fingers) and two feet. Were it not for those most 
remarkable beasts. Echidna and the Duckbilled Platypus, we 

1 All have winge, though lome (e.g.,peaguioiai>dMttichet)noloage<fly 
with them. 
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could say that no mammals had 
beaks and laid eggs and that all 
birds did sol 

The bird is most beautifully 
adapted for flight; indeed, the 
feat of sustaining a heavy body 
in the air is so great that without 
wide adaptations it could never 
have taken place. We believe that 
birds evolved from reptiles 
specialised as runners andleapers: 
the Australian collared lizard 
runs on two legs to-day. These 
reptiles probably first parachuted 
by folds of skin as do the flying 
foxes to-day, and gradually 
evolved their arms into wings. 
It should be noted that birds 
did not evolve from Pterodac- 


Fig. 4»*.— The fowl s skeleton. (For tyJs which had Wings of skm 
names ofbones seep. 933.) 111 n 

stretched between a finger, an 
arm and a leg. The bird's flight is founded on feathers. These 
are, like hairs, developments of the scales of reptiles, but no one 
has found any intermediate stages between feathers and scales. 
The first fossil bird, the famous Archajopteryx whose remains 
are shown in Fig. 483, had definite feathers, though its reptilian 
ancestry is obvious in its tail and toothed jaws. 

In order to work its wings and accomplish flight, the bird 
must be able to maintain a rapid output of energy, and must be 
light in weight, and must have relatively huge muscles to work its 
wing. To obtain the energy, the birds have developed a high 
temperature: the swallow keeps itself at 1 10® F. It can do this by 
eating tremendously — an owl may eat an average of six whole mice 
a night— an 1 by having a very good non-conducting coat of 
feathers. Its heart is of the efficient four-chambered t3rpe, and its 
blood is very rich in oxygen. 



Section of leaf ot 
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mg epidermis, 
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PLATE XLVIII 



Fossil remains. 

A T’rilobilc, a very ancient 
crustacean 

13- Plant of Carboniferous Age 
C - Primitive fish 

(13y courtesy of the 'I'rustees of the 
British Museum [Natural History} 
fr<jni their guide to Fossil Plants.) 
(Crown Cf)pvright: by courtesy of 
the C.'ontrolier of 1 l.M. Stationer} 
Office.) 



The Spectral Tarsicr. (By courtesy 
of Professor W. li. Le Gros Clark 
and the Jllustraled l^ondon Nem.) 
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The bird gets its 
light weight by 
cutting its bones 
down to the 
lightest. Its bones 
are built like gir- 
ders, and often are 
filled with air-con- 
taining sacs which 
join its lungs. In 
the albatross, every 
bone but two is 
air-filled. Finally, 
the pectoral 
muscles (shown in 
man in Fig. 43 7) are 
developed till they 
may be half the 
weight of the bird. 
They are, of course, 
‘The breast” of a 
bird which we eat. 
To give these 
muscles a direct 
pull, the sternum, 
which is the breast- 
bone which joins 
the ribs in front, 
grows out into a 
great keel on which 
the muscles haul. 
All this has had its 
effect on other parts 
of the bird. In order 
that it should be 
able to execute the 



Fig. 485. — ^The fossilized remains of Arcbaeopre^x, the 
most primitive fossil bird. Compare the skeleton with 
that of bird (Fig. 48a) and lizard (Fig. 485). Among 
primitive features note the clawed front limbs, presence 
of teeth and absence of large keeled breastbone 
(reduced 5} times). (Courtesy of Messrs. Macmillan 
& Co., Ltd., from Parker and HaswelPs Textbook of 
ZooJojgy,) 

HH 
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Fig. 4834. — Draco volam (| natural size). An animal which has erolved a limited 
power of flight. The **wing’* unlike those of any other creature is stretched on 
elongated riro. It is used (^y as a plane and cannot be flapped. (Courtesy of 
Messrs. Macmillan flc Co., Ltd., from Gadow’s AmpbUria and Keptilts in the 
Cambndff Natural History,) 


delicate feats of balancing needed for flight in the air and for 
walking on two legs, it develops the cerebellum in its brain which 
is one of the organs for co-ordinating bodily movements. Contrast 
the cerebellum of the frog’s brain and the pigeon’s (Fig. 480). 

The best bird’s brain is poor beside an average mammal’s. 
Birds seem to have strongly emotional feelings and great in- 
stinctive powers, shown in their nest building and migrations. 
But they do not seem to have much power of learning by ex- 
perience. The hawk can be trained, but the acts it will perform 
ate very few compared to those of a dog or a horse. A bird, in 
flying, probably uses the air-currents just as does a man in a glider, 
butdoessointhesamesortof instincttve way as we adjust our walk 
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to inegularides in the ground. Flight makes the bird enormously 
the most rapid traveller of the animal kingdom. There is every 
reason to believe that the most rapid fliers can travel at 100 miles an 
hour. It is obvious that this enables birds to find safe nesting- 
places and to avoid the rigor and starvation of winter by migration. 

It is not obvious why birds should always have beaks, which 
are really homy immovable lips fastened on to the toothless jaw- 
bones! This organ has developed in very numerous ways. The 
hawk and eagle have a short, sharp beak designed to cut and tear. 
The strong broad bills of the finches are made to deal with hard 
seeds. The snipe’s is made for probing mud in search of food, 
while the duck’s bill is adapted to take mud and search it for food. 

The internal organs of the bird differ in many respects from 
ours. Since it does not chew its food, It has usually a pouch in its 
gullet, “the crop,” to store it in, afid a part of its stomach 
specialised into a giaaard. This is strong muscular bag with a 
hard lining. The bird swallows pebbles which, when rabbed 
against the food by the muscles of the gizzard, reduce it to pulp. 
A bird has no bladder. Its urineis passed to the equivalent of man’s 
tectum. It does not excrete its waste as urea, but as salts of uric acid. 

NHj NH— CO 

/ I I H 

OC CO C— Nv 

\ I B )co 

NH, NH— C— N^ 

H 

Urea Uric add 

The whitish ezctetioo of birds mainly consists of these urates, 
and is a most valuable manure. 

Far the most important of the senses which birds depend on is 
sight. Their sightis very acute, but since they have monocularvision, 
seeing different pictures with each eye, their world-view must be less 
informative than outs. Their hearing is acute but they probably de- 
pend on it but little. Smellisunimportantandtasteslight. Coveted 
asdreyarewithfeathersitbeyptobablyhavenoacutesenseof touch. 



944 Tie WorU of Seienee 

The breeding and nesting of birds is a fascinating study for 
which we here have no space: it is perhaps well, however, 
to explain something of the reproductive system of the bird. 

The fertilisation of birds is like that of man in essentials. The 
egg is formed in the ovary as in the human being, but instead of 
being a tiny object, inch in diameter, it may be an inch 
or more across. The egg, as formed in the ovary, consists of the 
germ cell which is tiny and the yolk which is relatively enormous. 
At intervals, the ovary discharges an ovum which travels down 
the oviduct (the uterine tube in man), the walls of which secrete 
the white of the egg. It is fertilised in the oviduct and then 
passes into the shell-gland — ^the equivalent of the human uterus — 
where a hard shell of calcium carbonate is deposited on it From 
this it is expelled to the exterior. The germ-cell develops in the 
egg very much as a human germ-cell does, but instead of being 
nourished by products difhised from the mother’s blood, it 
develops a set of vessels which absorb the yolk and white of the 
egg for nourishment. 


REPTILES 

The reptiles, amphibians and fish complete the vertebrates. 
We have only space for a brief stirvey of their main features. The 
living orders of reptiles are the crocodiles and alligators; the lizards 
and snakes; the tortoises and turtles; and, in an order of its own, 
that archaic beast the Tuatera lizard of New Zealand, remarkable 
for having a third eye on the top of its head. What is a reptile, 
then? It is an air-breathing vertebrate and is cold-blooded. It has 
a scaly skin and lays shelled eggs with yolk and white. Its brain 
has a very small cerebrum, the region concerned with thought and 
conscious action in general. These points distinguish a reptile 
from an amphibian like a newt (which lays soft jelly-covered 
eggs and has a soft skin), and from birds and mammas which are 
warm-blooded. 

The skeleton of the reptile is not so very widely different from 
that of a bird or mammal. The most notable difference is the 
small and feeble pelvis and scapula, which could only belong to 



PiGi. 484-485, — ^The skeleton* of an aaq>hibian and of a reptile. (Names 
of bones, p. 933). 

creatures which made no great use of their limbs. Many reptiles 
drag themselves on their bellies: the snakes have discarded their 
limbs though they keep an internal vestige of them. The reptile’s 
brain-case is small, the head being mainly jaws. Its internal 
organs are much like the bird’s, but the heart is quite notably 
different (Fig. 491). The typical reptilian heart is in between the 
mammal-and-bird type D, and the amphibian type C, there being 
an incomplete separation of the ventrides. 

The result of this is that all the blood does not go through the 
lungs at every circulation. Consequently^ the reptile has worse 
aerated blood than the bird or mammal, and since it is cold- 
blooded too, it is a creature which cannot keep up a sustained 
effort though it may move in swift dashes. 

The senses of reptiles are probably not over-acute. Their 
homy skins are provided with touch corpuscles. Taste certainly 
exists. Heating is probably moderate to poor. Their eyes ate 
quite effident and <heir sense of smell, good. Some have also a 
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peculiar scent-organ closed off from their noses and opening into 
their mouths: the object of this is clearly to smell the food ^ore 
it is swallowed. 

Among the largest of the modem reptiles ate the crocodiles 
and alligators: '^ey have a mote efficient heart than most 
reptiles, and though they ate sluggish, they can move quickly 
enough: they ate enormously strong, and have a most formidable 
armoury of teeffi. They are most difficult to kill, and have 
presumably survived their extinct and monstrous cousins by the 
use of their formidable jaws and concealment in water. 

The snakes and lizards form another class. The former have 

someinteresting adapts^ 
dons. They have lost 
their limbs and have 
adapted themselves for 
acamivoroiis life. Their 
mouths show a most 
complete adaptation to 
this. A snake kills its 
prey by swallowing it 
alive, as a grass-snake 
swallows a frog, or by 
crushing it to death, as 
does a boa, or by poison. 
A snake, in any event, 
swallows its prey whole 
and in order to do this, 
its lower jaw is hinged on to a bone which is itself hinged on to 
the skull, making its gape enormous. Its teeth are set backwards 
and the lower jaw is in two halves linked by an elastic ligament 
at the “chin.” It hooks its teeth into the vicdm, pushes the 
tight half of its lower jaw forward, holding the prey with the 
1 ^ half meanwhile. It then hooks the tight half into the victim 
again and pulls him further into the throat. The process is 
then repeated with ffie other halfl The pmson £«mgs possessed 
by many snakes are in the upper jaw. Fig. 486 shows how thej 




Fig. 486. — ^Jawf tod poison apparatus of a 
anake. the hinge-joints of the jaw 

which allow an enormous gape. 
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work. The gland injects the poison through a long sharp tooth 
grooved or hollowed to receive it. 

Snake poison is a mixture of proteins. One destroys die 
blood-cells, another paralyses the nerves. There are two possi- 
bilities of saving a patient bitten by a deadly snake. First, the 
limb should be tightly bound on the heart side of the bite, and the 
punctures opened up widely with a knife, and if possible washed 
out with bleaching powder solution or potassium permanganate. 
This may make the difference between death and a serious illness 
only. The complete cure is an antivamn, which is a protein which 
combines with snake venom and renders it harmless. It is made 
by injecting snake poison into horsa, first in tiny doses, then in 
larger ones. The horse becomes immione to the snake poison, 
i.e., develops a substance in its blood ts^iich combines with venom 
and destroys it. The horse is then bled, the serum of the blood is 
separated from the corpuscles, steriHsed and sealed up for use. 
The antivenine is a perfect cure for the bite of the snake whose 
venom was used to immunise the horse and also for the bite of 
similar snakes, but two or three antivenines are usually needed 
to treat the bites of all the common snakes of a country. 

Tortoises and turtles ate among the few surviving creatures 
which depend on armour for protection. Armour is a very unsafe 
thing. It is a great hindrance to active movement, and once a 
dangerous enemy finds the way in, the race is doomed. The 
reptiles have always had a tendency to develop armour, probably 
as a result of carrying too fiu the tendency which made them 
develop the soft amphibian skin of their ancestors into homy scales. 

The most interesting of reptiles are, however, the extinct ones. 
In the Jurassic period some 150 million ytars ago, the reptiles 
were the highest animals in existence, and the world lay open to 
They developed in every direction. Some took to a 
vegetable diet and some became carnivorous, some took to the 
water and some to the air. All alike had the poorest type of brain. 
One of the chief groups of these creatures was the Sautischia, 
who walked or ran on two legs. One such creature developed 
much like an ostrich widi powerful hind-legs, a long slender neck 
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PzG. 487. — ^Extinct Reptiles. Left,Tdiceratops. Centte^Diplodocus. Right 
fotegtound, Stegosaurus. Right background^ Struthiomimus. (From 
material contained in Dr. W. E. Swinton's The Dinosaurs (Murby) ). 


and a beak, though instead of an ostrich’s flightless wings, it had 
small arms and hands. Others developed into huge carnivores. 
Tyrannosaurus is an example — ^built something like a vast 
powerful kangaroo, it was some forty feet from nose to tail, and 
stood as high as the eaves of a two-storey house. To this group of 
Saurischia iso belonged the Diplodocus (Fig. 487), sixty-five feet 
from the nose to the whip-like tail. It probably lived in swamps 
and fed on water-plants, for its teeth were so feeble as to be 
unsuited for any but the sloppiest diet. Iguanodon was a feeder 
on tree-boughs, and like Tyrannosaurus, was kangaroo-like. 
The most extraordinary creatures of this kind were the armoured 
Dinosaurs. Stegosaurus is the strangest of fiiese. Triceratops 
(Fig. 487) is the culmination of a series of similar creatures, rather 
resembling the rhinoceros. 

The extinct flying reptiles called Pterodactyls deserve notice, 
for they developed a curious similarity to birds. The wing 
was neither that of bat — (skin stretched on fingers) not of bird 
(feathers on arm and fingers), but had skin stretched between the 
arm, an elongated finger and the hind-leg. Like birds, they 
developed a large sternum, and, curiously, a beak. It is difficult to 
see how the sluggish cold-blooded reptile with its imperfect 
circulation gathered the great energy needed for flight. 
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Fig. 487^. — speaes of Ptcfodactyl, oo^-ieventh natiual size. Note the wing 
stretched between arm, finger, leg and tail (Courtesy of Messrs. Macmillan 
& Co., Ltd., from Gadow’s Amphibia afidEjptilesmthtCambri 4 gfi Natural Hisioty 


These reptiles died out more thatu a hundred million years ago. 
The cause was probably a great change of climate and perhaps 
the development of eflScient camivotous mammals. 

AMPHIBIANS 

The amphibians are still of the vertebrate pattern, but simpler 
than the reptiles. The chief modem amphibia are frogs and toads, 
newts and salamanders. They have a thin moist skin without 
scales. They can breathe to a great extent through this skin. They 
usually lay in water eggs without a shell, which develop into a 
‘%rva” quite different in stmeture from the adult. The larva — 
e.g., the tadpole of a frog — has gills and lives a vegetarian 
existence in water: at a certain stage, its thyroid gland produces its 
iodine-containing secretion which makes it lose its gills, develop 
limgs, grow legs and change into a carnivorous land-dwelling 
creature. Tadpoles kept in water contjqping no iodine grow 
larger and larger but do not change intofrogs, while tadpoles fed 
on thyroid gland metamorphose very early into minute frogs. 
The larval method of growth seems curious to us, but the 
mammals, birds and reptiles are actually exceptional in not having 
larvae. Amphibians, fish, insects, cmstaceans, molluscs, all start 
out as creatures wholly different from the adults. Part of the 
significance of this seems to be a sort of recapitulation of the 
race’s history, such as we see in the yoimg human embryo with its 
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fi8h’$ heart and its tail. 
Amphibians evolved 
£com fish, their tadpoles 
are fish -like. Insects 
evolved from worms, 
their larvae — maggots 
and caterpillars — are 
wormlike. But the prac- 
tical utility of the larval 
life is that the larva is 
generally wholly adapted 
for feeding and so for 
quick growth and has to 
spend no energy on 
maintaining the sexual 
outfit which the adult 
needs. 

Some creatures, as 
frogs, have a short larval 
enstence of weeks, and 
an adult life of years. 
Other amphibia such as 
the axolotl, often kept in 
aquaria, live and breed 
in the larval state, and 
only diange into the 
adult form if the water 
dries up. Many insects 
have a long life in the 
larval form, and a very 
short one as an adult. 
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Figs. 488, 489. — Some lame (left) aod the 
scale is adopted, for it would not be possible 
larva on the same scale. 


The ma]rfly feeds for a year as a somewhat wormlike water 
creature. It lives as an adult only for a few hours: long enough to 
be fertilised and lay its eggs. One American cicada — a grass- 
hopper-hke creature — spends 17 years underground as a “nymph,” 
and then emerges for a life of a few weeks as an adult 
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The lelative tune spent 
as larva and adolt de- 
pends roughly on die 
advantage to the crea- 
ture. A tadpole is much 
more vulnerable than a 
frog — every carnivorous 
aquatic creature feasts on 
them. So the aquatic life 
of the frog tends to be 
short and some toads cut 
out this phase by letting 
the larvae metamorphose 
in eggs carried on the 
female’s back. On the 
other hand, the cicada 
larva is safer under- 
groimd than chirping on 
a bush— it therefore tends 
to dwell longer beneath 
the earth in safety. 

In the skeleton of die 



adult* (right), they grow into. No special 
to show tM adult am and the minute zooea 


newt shown in Fig. 484 
the very small ribs and 
the very feeble pelvis are 
notable. The first feamte 
means that the mechani- 
cal system of breathing 
by lungs has not yet been 
perfected, the second that 
walking is as yet clumsy. 


rhe senses of amphibia are quite acute. They have efficient 


eyes. Their eats are very peculiar, however. There is no outer 


ear-drum, but a muscle fibre connects the innermost ear-bone 


{stapes) with the shoulder girdlel In this way the frog is adiqited 
for heating ground-vibration, as of the tread of someone 
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approaching, transmitted by its front legs. It obviously heats 
ordinary sounds, for it uses its new-found lungs to croak 
vigorously to attract possible mates. Nearly all amphibians have 
lungs, though one or two breathe entirely through their skins. 
The amphibian is the simplest creature that breathes air and his 
lung is a simple afliur, often a mere sac. His heart is of the three- 
chambered type with two auricles but only one ventricle, thus: 


Aerated blood 

Auricle •* 

► Ventricle of heart 

Auricle ■< 

Non-aerated blood 


Lung 


System 


This circulation is not as good a one as a mammal’s because 
the blood which has drculated round the body does not all go 
to the lungs to be aerated, while some of the aerated blood goes 
strsdght back to the lungs agdn. Some of the amphibia shed 
their eggs and sperm together into the water where the eggs will 
develop. This primitive arrangement is not found in all 
amphibia. 


ilSH 

Fish are more primitive than amphibians. They have no lungs 
and therefore no voices. They have no legs, though their fins 
are the primitive origins of limbs. There are two classes commonly 
called fishes; besides the true bony fish (Teleosts) there are 
‘‘Selachians,” which include dogfish, sharks, etc. These have no 
true bones but only cartilages; they lack true scales and also lack 
the swim-bladder or air-sac. None the less, much of what we 
say of fish is true of selachians also. 
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Fig. 490 shows a fish’s skeletoo which is obviously very 
different from any other vertebrate*#, The skull is a very compli- 
cated system of bony plates covenug a sort of gristly box. This 
elaborate skull has been simplified by all the other vertebrates 
which have originated from fish. Thoieis a well-developed vertebral 
column and ribs. The paired fins, the pectoral and pelvic (Fig. 490) 
correspond to the legs of amphibians and higher creatures, and as 
Fig. 48 j shows, they have something of the same structure. 

The digestive arrangements are not unlike those in other 
vertebrates. Fish have very small brains with generally a good 
cerebellum which deals with the posture and activities concerned 
in swimming, but almost no cerebrum which is concerned with 
sense impressions and thought. The goggle-eyed mud-hopper fish 
Pmopbfbalmus, which have largely abandoned swimming in fiivour 
of a life on the surface of the mud of swamps have, on the other 
hand, a &ir cerebrum and little cerebellum, for such a life demands 
the alert use of the eyes. Fish have a sense of smell, and also of 
hearing, probably neither very acute. Their labyrinth and semi- 
circuit canals arc very well developed, for a sense of position is 
urgently needed by a creature surrounded on all sides by water. 
Their eyes are probably not really capable of acute vision. Fish 
have an organ which no other vertebrate has — ^the “lateral line” — 
which is a s}rstem of water-tubes communicating with the exterior 
and provided with nerve-endings; its object is to detect water 
movements. 
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Absolute Zero, 72 
Acceleration, 154 
Accumulators, electric, 298 
Accumulators, steam, 226 
Acetic acid, 625 
Acetone, 622 
Acetylene, 600 
Acetylene, storage of, 126 
Acids, 57^580, 624-626 
Acoustics ot buildings, 589 
Acrolein, 624 
Acromegaly, 882 
Adrenal gland, 881 
Adrcnin, 881 
Aerial, 505 
Aeroplane, 536/ 

Aeroplane engines, 361B ff 
Age of rocks, 743, 744 
Age of universe, 811-812 
Agglutinin, 1013 
Air, height of, 725 
Air, liquid, 136-137 
Air masses, 717 
Air, oxygen in, 382-583 
Air, pressure of, 1 29- 1 3 1 
Air, resistance of, 157 
Air-cushion, 132 
Air-transport, 556 
Alcohols, 607/ 

Alcohol ethyl, 609-613 
Alcohol methyl, 609 
Alcoholic drinks, 6xo-6i i 

Aige.996.998 

Alkalis, 379 
Alkaloids, 640-641 
All-or-nonc Law, 887 
Alloys, 684 

Almonds, oil of bitter, 624 
Alpha-rays, 524 

Alternation of Generations, 994-1004 
Altitude, measurement by boiling point, 
119 

Altitude, of Star, 760 


Aluminium, 74 

Aluminium, manufacture of, 601 

Amino-acidi, 623-63 3 

Ammeter, 309, 320 

Ammonia, 649 

Ammonium sulphate, 649 

Amphibians, 949-952 

Amphibians, circulation in, 932, 954 

Amplitude of wave, 365 

Amyl acetate, 627 

Androstcronc, 921 

Annelida, 967 

Anticyclones, 726B 

Antimony, 73 

Antitoxin, 10115 

Antivenine, 947 

Ants, 964 

Aorta, 846 

Arc, 291 

Arc-fumacc, 292 

Arc-lamp, 449 

Arc-wcl^g, 291 

Archaean period, 745 

Arteries, 845-847 

Arthropods, 937-9^5 

Artificial horizon^ 88 

Artificial silk, 619 

Asbestos, 658 

Ascorbic aied, 875 

Asphalt, 233, 235 

Aspirin, 602 

Asteroids, 782 

Astronomical telescope, 494 

Astronomical unit, 795 

Atmosphere, 711-726 

Atmosphere of Earth, 711/ 

Atmosphere Map of, 718 

Atmosphere of Planets, 386, 774/ 

Atmosphere, temperature of, 725-726 

Atom, 25 

Atom, structure of, 27, 434-43^* 

533 

Atomic bomb, 531 a/ 
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Atomic cner^, 247, 3 5 1 
Atomic number, 541 
Atoms, size of, 30-32 
Atoms, forces between, 29 
Atoms, weight of, 30, 31 
Atropine, 602 
Aurora Borealis, 726E 
Autonomic Nervous System, 906 
Axon, 884 

Azimuth of Star, 760 

Bacteria, 1009 

Bacteria, anxrobic, loii 

Bacteria, destruction of, 1013-1016 

Bacteria, of disease, 1012 

Bacteria, in intestine, 872 

Bacteria in soil, 1010, loii 

Bakelite, 623 

Balance, chemical, 182 

Balance, sense of, 894 

Ballistic pendulum, 149 

Balloons, 140 

Balloons, hot air, 140 

Balloons, hydrogen, 375 

Barometer, 130, 131 

Basalt, 729 

Bassoon, 407 

Bats, 421 

Batteries, electric, 295-297 

Beer, 610 

Bees, 965 

Bells, 404 

Bells, electric, 323 

Belt-drive, 192 

Benzene, 603 

Beta-rays, 524 

Big Bertha, 158 

Bile, 871 

Binoculars, 496 

Binocular vision, 899-900 

Biids, 939-944 

Birds, adaptation to flight, 940, 941 

Birth, 926 

Bjerknes, 725 

Bladder, urinary, 839 

Blast furnace, 687 

Bleaching, 666, 674 

Bleaching powder, 665 

Bleeders, 840 

Blood, 8^9-844 

Blood, circulation of, 844-831 

Blood, clotting of, 841 

Blood groups, 842-843 

Blood, red corpiiscles, 841 


Blood, regulation of, 831 
Blood, white corpuscles, 843, 844 
Bloodstains, detection of by U. V. light, 

Blue prints, 480 

Body, temperature regulation of, 906- 
907 

Boiler Installations, 257 
Boiler, Lancashire, 261-263 
Boiling-point, 48 

Boiling-point, alteration with pressure, 
118 

Boiling-point, altitude by, 1 19 
Boiling-point, of water at various 
heights, 1 19 
Bones, 824-829 
Bones, repair of, 826 
Boric acid, 376 
Bow, of violin, 401 
Boyle’s Law, 134 
Brachydactyly, hereditary, 915 
Brain, 907-910 
Breathing, control of, 85 5 
Breathing at high altitudes, 856 
Breathing, mechanism of, 834 
Brincll, hardness tester, 59 
British Aluminium Co., 240 
Bronze, 54 

Brownian movement, 493 
Brush discharge, 286 
Bulb, 991 

Bullet, path in air, 136 
Bullet, speed of, 148, 149 

Cable, submarine, 323 
Cafifein, 84 
Calcium carbide, 601 
Calcium carbonate, 699 
Calcium phosphate, 634 
Cam, 188 

Cambrian period, 745 
Cameras, 477, 479 
Camphor, motion in water, 93 
Cancer, treatment by X-rays, 517 
Candle, light from, 438 
Cane-sugar, 617 
Canning of food, 1013 
Capillaries, human, 845 
Capillary attraction, 96, 97 
C^arbohydrates, 614-621, 861 
Carbon, 587-632 
Carbon cycle, 642 
Carbon dioxide, 591-395 
Carbon monoxide, 254, 589-391 
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Gifbon tetrachloride, 607 

Carboniferous age, 744 

Carburettor, 271 

Carotene, 602 

Cartridge, 138 

Cast Iron, 75 

Castings, flaws in, 517 

Castings, making of, 74 

Catalyst, 569 

Cathode rays, 293-293 

Cathode ray tube, 5 1 2 a 

CHI communities, 818 

Oil-division, 822 

Cell, Leclanche, 296, 297 

Cell, living, 814-818 

Cell, nucleus of, 818 

Cell, photoelectric, 484 

Cellulose, 77, 619 

Ollulose paint, 627 

Cement, 702-703 

Central heating, 1 1 1 , 239 

(Jentral nervous system, 900-910 

Centrifugal force, 165 

Centrifugal dryer, 1 66 

Centrifuge, 166 

Cepheid variables, 796, 8it 

Cerebellum, 903, 908 

Cerebrum, 908-910 

Chalk, 700 

Charcoal, 588-589 

Chemical combination, 335, 544 

Chemo- therapy, 641 a 

Chlorine, 661-667 

Chlorofomi, 606 

Chlorophyll, 615 

Chloroplast, 614 

Chordates, 931 

Chorion, 923 

Chromatin, 821 

Chromium, 683 

Chromosomes, 821-823, 912-918, 1004 
Chromosphere, 766 
Chronograph, 146, 883 
Cilia, 977 

Cinematograph, 481-4S5 
Circulation of blood, 844-847, 954 
f^irculation, regulation of, 85 1 
Clarionet, 407 

Classification of species, 928-931 

Clay, 701 

Clocks, 369-372 

Clocks, electric, 335 

Qouds, 726A 

Qouds, height of, 723 


Coal, 

Coal, consumption of, 227 
Coal measures, 218, 744 
Coal measures, origin of, 214 
Coal, mining of, 219 
Coal, pulverised, 247 
Coal-cuttirjg, 221 
Coal-gas, composition, 250 
Coal-gas, use of heating, 258 
Coal-gas, manufacture of, 249 252 
Cbal-gas, use for power, 272 
C>>al-mine, explosions in, 223 
Coal-mine, ventilation of, 222 
Coal-mine, safety lamp, 224 
('oal-tar, 620-621 
Cochlea, 895 
(Hlenteratcs, 973-973 
Coke, 249 
i 'olour, 468 

Colour, complementary, 470 
Colour vision, 898 
Colloidal solutions, 24, 36 
Combustion, 585-586 
Comets, 786-788 

Compass deviation, magnetic, 315 
Ccjmpass variation, magnetic, 315 
Compass, magnetic, 512-317 
Compass, gyroscopic, 172 
Compounds, chemical, 26, 552-335 
Compression waves, 373 
Concrete, 56 

Condenser, electrical, 282, 283 

Conduction of heat 65 

Conifers, 1002, 1008 

Continents, drifting of, 734, 738 

Convection currents, 108 

Copper, 54, 683 It 

Ctipper, manufacture of, 692 

Corms, 991 

Cornea, 896 

Comet, 409 

Corona of Sun, 766 

Corpus Lutcum, 922 

Corrosion, 673, 693 

Corti, organ of, 893 

Ct)sm!c rays, 326 

Cotton, 619 

Oank, 189 

Craters in moon , 779 

Crayfish, 937 

Cream-separator, 168 

Crustacean, 937 

Cryptogams, 982 

Crystallisation, 560-362 
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Crystals, 39/ 

Crystals, structure of, 47, 518-52* 
Cuttlefish, 966 
Cyclone, 722 
Cytoplasm, 815 

Day, 370 
Decibel, 391 

Decomposition by heat, 77 
Dendrites, 884 
Depressions, 

Detonators, 636 
Devonian period, 744 
Diabetes, 873 
Diamond, 49 
Diamond drills, 52 
Diamond, structure of, 587 
Diaphone, 394 
Diaphragm, 854 
Diathermy, 329 
Dicotyledons, 983 
Diesel engine, 272-274, 361B 
Diet, 875 

Differential gear, 353 
Diffraction grating, 471 
Diffusion, 80 
Digestion, 861-875 
Digestive system, 866 
Discharge tubes, 293, 445 
Discord, 383 
Disinfectants, 1014 
Dispersal of seed, 1007 
Distillation, 556-560 
Divers, 857 

Dominant characters, 916 
Doppler effect, 385, 387 
Double stars, 810 
Drift of Continents, 734-“758 
Drops, 01 
Drops, falling, p2 
Drugs, synthetic, 614A ff 
Drying, 116 

Ductless glands, 878-885 
Duodenum, 868 
Dust, 37 
Dwarf stars, 805 
Dyes, 638-640 
Dykes, 750 
Dynamos, 330-537 

Ear, 379-380, 891-893 
Earth, age of, 740, 745 
Earth, composition of crust, 751 
Barth, crust of, 757 f 


Earth, density of, 711 
Earth, diameter of, 7x0 
Earth, interior of, 727 
Earth, internal heat of, 736, 757 
Earth, magnetism of, 313-314 
Earth, mass of, 139, 711 
Earth, orbit of, 770, 772 
Earth, origin of, 790-792 
Earth, period of rotation, 711-712 
Earth, precession of, 71 3 
Earth, shape of, 707-709 
Earth, velocity of, 764 
Earthquakes, 748-750 
Earthworms, 968 
Eccentric, 188, 265 
Behinodermata, 968-970 
Echo, 387 

Echo sounding, 388-389 
Eclipse, 766 

Eclipses, cause of, 43 1-43 5 
Electric batteries, 295-297 
Electric bells, 325 
Electric current, 304-309 
Electric eel, 284 
Electric lighting, 441-449 
Electric motors, 530-337 
Electric shock, 283 
Electric spark, 288 
Electrical discharge, 283-293 
Electrical discharge lamps, 435~456 
Electrical heating, 239 
Electricity, conduction of, 304-309 
Electricity, frictional, 279 
Electricity, generation of, 278, 293-298, 
329-337 

Electricity, nature of, 276 
Electrification of railways, 330 
Electromagnet ,319 
Electromagnetic wave, 422-426 
Electromagnetic wave, scale of, 424-423 
Electromotive force, 506 
Electron, 276, 294 
Electron, microscope, 49a 
Electron, position in atom of, 433, 436 
Electron, weight of, 295 
Electrophorus, 281 
Electroplating, 301 
Electroscope, 280 
Elements, chemical, 532-540 
Elements, chemical, abundance of, 75 1 
Elements, chemical, symbols of, 363 
Ellipse, 773 

Embryo, human, deyelopment of, 923- 
926 



Bznulsioos, 207 ff 
Energy. 17 

Energy, chemical, 208 

Energy, conservation of, 209 

Energy, electrical, 208 

Energy, heat, 208 

Energy, kinetic, 208 

Energy of matter, 19, 209 

Energy, potential, 208 

Energy of radiation, 17, 208 

Energy, transformation of, 209 ff 

Enzymes. 866 ff 

Equations, chemical, 569 

Ergosterol. 877 

Erosion. 7^8 

Essences, 626 

E^solube, 235 

Esters. 626 

Ethane. 597 

Evaporation, 113/ 

Evaporation, cooling by, 116 
Evolution, 1019-1036 
Evolution, cause of, 1026-1028 
Evolution of elephant, 1022-1023 
Evolution, evidence for, 1020-1026 
Evolution of mammals, 1029 
Evolution of man, 1033-1036 
Evolution, theories or, lozGff 
Expansion. 60 
Expansion joints, 61 
Expansion of gasp, 

Expansion of solids, 60 
Expansion, thermal, 60-65, 104 -108, 
139-140 

Explosion, 139, 575 
Explosives, 653-^37 
Extinguisher, 593 
Eye, 485, 895-900 
Eye, blind ^ot of, 898 
Eye, lens of, 897 
Eye, rods and cones, 898 

Fazxxmg bodies, 154# 

Fat. 627-621, 862 
Fat. diction of, 863 
Faults, 748 
Felspar, 658 
Fermentation. 611 
Ferns, 997, 1001, 1003 
Fertilisation, 913 

Fertilisation of plants by insects 1005, 
X006 

Fibres, 50 
Fife, 407 


Filament lamp, 441-443 

Films, sound, 484 

Fireworks, 670 

Fish, 952-957 

Fish, circuktion in. 954 

Flame, 437-439 

Flash lamp. 5 84 

Flash powders, 682 

Flatworms, 971-973 

Flaws in castings, X-ray detection, 517 

Flmt, 6r6 

Flint of petrol lighter, 537 
Floating bodies, 755 
Floating continents, 754-758 
Flowers, colour of, 1005 
Flowers, pollination, 1004, 1006 
Flowers, structure of, 1006 
Fluorescence, 5 1 5 
Fluorescent tubes, 447-448 
Flute, 407 
Flying Lizard, 942 
Flypress, 186 
Flywheel, 165 
Flywheel, fluid, 206 
Foams, 25 

Feetus, development of, 923-926 

Pog, 23, 37, 38 

Fog-horn, 394 

Foot, structure of, 828 

Force, balancing, 163 

Force, centrifugal, 165 

Forc^, 152, 162 

Forces, lines of, 1 5 2, 3 1 8 

Forgeries, detection by U.V. light, 515 

Formalin, 623 

Formulae, chemical, 564, 566-567 
Fossils, 742-744^.1020 
Fractional crystallisation, 562 
Francium, 5 34 

Freezing and melting points, 69-78 

Frequency of wave, 365 

Fructose, 6i6 

Fruits, 1007 

Fruit salts, 83 

Fueloil, 235,237 

Fundamental, 385 

Fungi, 993, 996» 999 

Fuses, electric, 308 

Fusion, 69 

Gaiaxt, 790, 798-800, 8*8 
Gamma-rays, 424, 524 
Gas, coal, see Coal-gas 
Gas-cylinder, 125 



